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ABSTRACT 
Doubled haploid (DH) technology offers a shortcut for one of the most time-consuming 
processes in plant breeding: arriving at homozygous inbred lines which are in turn used for 
hybrid production.  Therefore, DH systems have been widely adopted, highly utilized in 
commercial production, and viewed as an invaluable tool for those crops that have it available.  
Spontaneous production of haploids is a rare phenomenon and is not efficient enough to rely on 
for commercial production.  Therefore, discovering a reliable method of haploid production, 
which is not something many crops have, is essential to utilize DH systems.  Maize breeding 
programs have a reliable method of producing haploids, making this system possible in 
commercial production.  Past studies have recognized several QTL regions that are involved in 
haploid induction, which may be utilized in efforts to discover underlying genes and create 
transgenic inducers in other crops.  Although DH systems have shaped the image of a modern 
maize breeding program, there is always an interest in research to further improve upon this tool.  
The incorporation of embryo culture, for instance, offers several benefits such as a shorted 
generation time as well as increased genome doubling rates.  This thesis contains four chapters 
that (1) outline the protocol of standard DH systems in maize, (2) explore distinguishing root 
morphological features that allow for selection of maize haploid embryos via embryo culture, (3) 
observe doubling rates when colchicine is added to the growth media during embryo culture, and 
(4) discover the gene responsible for a QTL (qhir8) of haploid induction in maize.  Through 
these studies, it was found that maize haploids can be selected by primary root length within the 
first three days of growth within DH program utilizing embryo culture.  This selection method is 
efficient and allows for the addition of embryo culture to a non-transgenic DH program.  The 
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addition of embryo culture is beneficial because it not only decreases generation time, but also 
significantly increases doubling rates.  Finally, these studies have identified a gene responsible 
for qhir8 involved with haploid induction in maize.  Finding this gene may allow for the creation 
of transgenic inducers in orphan crops, allowing for the expansion of DH technology to other 
crops.   
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CHAPTER ONE 
GENERAL INTRODUCTION 
The discovery and exploitation of heterosis in the early 1900’s (Shull, 1908; Shull, 1909; 
Crow and Dove, 1998) marked the beginning of what maize breeding programs look like today.  
These early breeding programs found that by crossing two distinct inbreds, the progeny exhibit 
increased vigor.  Therefore, these programs have established the value of producing inbred or 
pure lines for the production of hybrid seed.  Not only did the incorporation of hybrid seed 
increase yield, but it also produced highly desirable uniformity across fields, making machine 
harvesting more practical (Crow and Dove, 1998).  
The increase in yield and advancements in large scale commercial production of maize 
encouraged its use and sparked the rising demand of this commodity in the U.S.  In response, the 
usage of maize expanded to more than just a raw product, and currently includes ethanol, high 
fructose corn syrup, starch, sweeteners, cereal, and alcohol.  Breeders, in turn, are continuously 
pressed to rapidly deliver new traits, coupled with enhanced yield, especially as the global 
human population increases.   
The delivery of new lines, however, has always been a major time constraint in breeding 
programs.  Traditional methods for developing pure lines typically require 6-10 generations of 
self-pollination to obtain sufficient homozygosity (Hallauer et al., 2010).  Not only is this a time-
consuming process, the labor and costs involved can be high, even with the use of winter 
nurseries.  To bypass the time and costs associated with the development of pure lines, doubled 
haploid (DH) systems have been widely adopted in the commercial production of maize.  DH 
systems can create completely homozygous and homogeneous lines within just two generations.  
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In addition, when combined with embryo culture the creation of pure lines can become even 
faster and more efficient.  
Doubled haploids in maize 
DH systems substantially accelerate the production of pure lines and are widely used in 
commercial maize breeding programs.  The first step in DH line development is chromosome 
doubling of haploid cells (n) resulting in diploid cells with identical sets of chromosomes (2n).  
Therefore, a successful DH program must have a reliable and efficient means of producing 
haploids.   
Fortunately for maize breeders, Coe (1959) found an inbred line called Stock 6 that 
displayed a maternal haploid induction rate of 1-2%.  Since then, breeding programs utilizing 
Stock 6 have created inducers with higher haploid induction rates, including RWS/RWK-76 
(Röber et al., 2005).  These inducers are used in maternal haploid production by crossing the 
inducer (male) to a donor parent (female), resulting on average in 8% haploid progeny (Prigge et 
al., 2011; Liu et al., 2016).  The inducer carries a dominant anthocyanin gene, R1-nj (Nanda and 
Chase, 1966; Neuffer et al., 1997), which allows for visual selection of mature haploid kernels.  
With this marker, diploids will have purple colored endosperm and embryos, whereas the 
haploids will have purple colored endosperm but colorless embryos.   
Once haploids are selected, they can be exposed to a mitotic inhibitor, such as colchicine, 
by several methods.  The purpose of this mitotic inhibitor is to augment chromosome doubling 
rates beyond that of spontaneous rates by provoking abnormal chromosomal segregation during 
cell division.  Typically, plantlets are sown in a greenhouse where they are injected with 
colchicine before being transferred to the field to reach maturity.  Fertile haploids can be self-
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pollinated to create a doubled haploid line.  Haploids are naturally sterile, but colchicine 
treatment restores fertility in a chimeric pattern.  Essentially, the cells which will develop into 
the reproductive organs must undergo doubling for the successful production of DH lines.  Male 
fertility is typically the largest limitation, with an average 20-25% of haploids shedding pollen, 
and thus having the potential in becoming DH lines (Vanous et al., 2017).  
Overall, the typical DH system used in maize involves four steps: (1) In vivo maternal 
haploid inducers are crossed to a donor parent, resulting in a fraction of progeny being haploid; 
(2) Selection of haploid seeds using a coloration marker (usually R1-nj); (3) Doubling of the 
chromosomes by treating plantlets with a mitotic inhibitor, such as colchicine; and (4) Self-
pollination of successfully doubled haploids.  Although variations to this procedure may exist, 
the main elements of each step are vital.   
Embryo culture use in DH programs 
Embryo culture (EC) is a method that employs tissue culture procedures to promote early 
germination of immature embryos.  This technique was primarily developed to recover 
genotypes that were lacking endosperm and would otherwise be aborted (Bridgen, 1994), and is 
therefore, commonly also referred to as embryo rescue.  EC is one of the oldest and most 
perfected in vitro procedures, so a broad range of uses have developed over time.  Other uses for 
EC includes creating a platform for maize transformation (Frame et al., 2011) or to restore 
germination rates in deteriorated mature maize seeds (Blackman et al., 1996).  There are also 
instances when EC is used in combination with maize doubled haploid programs (Bridgen, 
1994). 
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EC, when combined with DH programs, offers several benefits such as shortening 
generation time by avoiding seed dormancy (Bridgen, 1994).  If the embryo is excised about 10-
12 days after pollination (DAP), there are 6 weeks that are reclaimed not having to wait for seed 
maturation and drying time.  Additionally, EC has shown to increase the effectiveness of 
colchicine treatment from 10% to greater than 90%, meaning the rate of DH line production 
would be expected to increase (Barton et al., 2014).  Colchicine is simply added to the growth 
media at a concentration of 400-600 mg/L for the first 1-2 days, which is also a much safer 
method of handling colchicine as compared to traditional injection methods (Barton et al., 2014).  
These benefits make the laborious and tedious task of excising immature embryos worth the 
effort and has led to the 2014 patent by Pioneer Hi-Bred International, Inc. entitled, “Doubling of 
chromosomes in haploid embryos:  United States Patent 8859846 B2” (Barton et al., 2014).  
Although R1-nj is the most commonly used selection marker with DH production, this 
marker is not practical to use in EC techniques because expression levels correlate with kernel 
maturation (Alexander and Cross, 1983).  Therefore, earlier expression of the marker gene must 
be achieved by replacing the native promoter with a promoter known to express as early as a few 
hours after pollination (Barton et al., 2014).  Legal constraints in using genetic modifications, 
however, may limit use of transgenic inducers.  In theory, the DH line should not contain any 
altered genes since the inducer genotype is eliminated, but since the process of elimination is still 
not understood, there is a small possibility that haploids may carry inducer chromosomes (Li et 
al., 2009; Zhao et al., 2013).  Due to these uncertainties and concerns, it is still unclear if this 
process will be regulated under GMO legislation (Murovec and Bohanec, 2012).  For these 
reasons, developing alternative non-transgenic approaches for selecting haploid embryos is of 
interest.   
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DH use in orphan crops 
Any DH system involves four basic steps: (1) Haploid induction; (2) Selection of 
haploids; (3) Chromosome doubling augmented through colchicine treatment; and (4) Self-
pollination of successfully doubled haploids.  When attempting to transfer this technology to 
other crops, it is essential to recognize the most limiting steps.   For instance, the first step 
involving haploid induction, is vital for introducing DH systems to new crops.  Spontaneous 
haploid occurrence is considered exceedingly rare, which makes DH programs uneconomical in 
commercial production without a reliable haploid inducing method.   Understanding the history 
of how maize breeding programs overcame this limitation is important in impacting the transfer 
of DH systems to other crops.   
The introduction of DH systems began in U.S. maize breeding programs in the 1940’s 
(Chase 1947, 1949), but was not being used to create parental lines in commercial hybrid 
production until the 1960’s (Troyer, 2004; Forster and Thomas, 2005).  The work by Chase 
(1947) initially relied on spontaneous rates of haploid occurrence, which was not efficient 
enough to apply to commercial development due to low induction rates around 0.1% (Chase, 
1949, 1952).  The discovery of Stock 6, an inbred line that displayed a maternal haploid 
induction rate of 1-2% made the doubled haploid system feasible in large scale maize production 
(Coe, 1959).  Since then, breeding programs using Stock 6 have created inducers, including 
RWS/RWK-76, with higher haploid induction rates around 8% (Röber et al., 2005; Prigge et al., 
2011; Liu et al., 2016).  
Although there has been development of other mechanisms to create haploid plants in a 
variety of species, such as anther culture (Anon., 401 Research Group, 1975) or chromosome 
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elimination by interspecific crosses, the efficiency and applicability of these methods are species 
specific.  For instance, using in vivo maternal haploid induction has been the main method used 
throughout the history of maize DH breeding programs because in maize and many other crops, 
response to anther culture seems to be a complex trait.  The response to anther culture is 
consistently overly sensitive to growing conditions of the donor parent and is genotype 
dependent (Büter, 1997; Wan and Widholm, 1993).  In addition, anther culture is an in vitro 
process and therefore, is more labor intensive and expensive.   Chromosome elimination through 
interspecific crosses, on the other hand, is an in vivo process and in some species (barley with 
Hordeum bulbosum or wheat with Z. mays L.) can be reliable enough to apply to commercial 
production.  This mechanism, however, is also a complex trait that is not fully understood and 
therefore, is species specific.  Overall, it would be greatly beneficial to develop an efficient in 
vivo haploid inducer for crops that do not have DH systems available due to limited haploid 
induction options.   
Some transgenic approaches to create inducers in other crops has been achieved by 
mutating a gene responsible for facilitating normal chromosomal segregation during cell 
divisions, called Centromeric Histone H3 (CenH3).  The original study that developed haploid 
inducers through CenH3 manipulation was in A. thaliana by Ravi and Chan (2010).  This study 
replaced the N-terminal tail of CenH3 with a GFP-tagged conventional H3.3 tail in A. thaliana 
(referred to as GFP-tailswap).  Although haploids were produced at a large percentage of 25-
45% when mutants were used to pollinate the wild type, it was a difficult system to work with 
because most mutants were sterile (96.5% infertile).  Another downfall is that 80-95% of 
fertilized ovules were aborted early in development.  Attempts to apply the “tail swap” method to 
higher plants in need of DH systems has been attempted with limited success (Luca Comai, 
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personal communication, April 7, 2015).  The challenges in using the “tail-swap” method in 
other species is likely due to the hypervariability of the N-terminal tail even between even 
closely related species.   
A more recent study by Karimi-Ashtiyani et al. (2015) conducted in A. thaliana, found 
that a single point mutation in the histone-fold domain (specifically within the α2-helix of the 
CATD) also created a haploid inducer.  In this study, a null cenh3 mutant (Ravi and Chan, 2010) 
was transformed with an altered copy of CenH3, containing a change in amino acid 130 from 
Leucine (L) to Phenylalanine (F).  It was shown that within these mutants, CenH3 loading was 
diminished but not abolished, resulting in 4.8% haploid progeny when pollinated by the wild 
type.  This mutation, unlike with GFP-tailswap, did not affect vegetative growth or fertility and 
the genomic sequence is highly conserved in this region amongst a variety of plant species.  
Therefore, the applicability of the findings from Karimi-Ashtiyani et al. (2015) to other crops is 
much more promising.  The challenges arise from the lack of gene-editing tools available in less-
popular and less-economically valuable crops.  Since a knockout of CenH3 is lethal, the rescue 
of the null mutant with the mutated gene must happen simultaneously and would be best 
achieved by CRISPR with homology directed repair mechanisms.  Not only is CRIPSR not 
always available in all crops, but homology directed repair is especially difficult and rarely 
reported in plants due to lower rates of homologous recombination as compared to other 
eukaryotic organisms (Zhao et al., 2016).   
Transgenic inducers could also be created in other crops by utilizing studies of the 
genetic architecture of current maize haploid inducers.  Once genes responsible for haploid 
induction have been discovered, inducers could be created in other crops by transgenic 
approaches, including knockout lines (by TALEN or CRISPR with nonhomologous end-joining), 
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knockdown lines (RNAi), or the transfer of the full length mutated gene.  Unfortunately, the 
mechanisms that cause haploid induction in lines derived from Stock 6 have been unknown for 
much of its existence, thereby hindering its applicability to other crops.  Previous studies have 
identified quantitative trait locus (QTL) regions qhir1 and qhir8 (Prigge et al., 2012), but only 
recently has the gene responsible for qhir1 been revealed, thereby increasing the likelihood of 
creating transgenic inducers in other crops by these mechanisms.  Other genes, such as the gene 
responsible for qhir8, have yet to be identified and once discovered and characterized will aid 
this effort further.   
Genetic architecture of haploid induction ability in maize 
Genetic mechanisms involving maternal haploid induction in maize are largely unknown 
and not yet understood.  Numerous QTL mapping experiments have been conducted in an effort 
to locate genes or regions involved in haploid induction (Lashermes and Beckert, 1988).  Early 
mapping experiments recognized a major QTL on chromosome 1 (qhir1) (Deimling et al., 1997; 
Barret et al., 2008).  The first comparative genome-wide QTL analysis involving inducers 
UH400 and CAUHOI confirmed that a major QTL, qhir1, is present on chromosome 1 in bin 
1.04, and another important QTL was found on chromosome 9 (qhir8) (Prigge et al., 2012), 
accounting for up to 20% of the genetic variation.  Since qhir8 acts to enhance haploid induction 
in the presence of qhir1, it was hypothesized and later supported with GWAS evidence that qhir1 
is required for haploid induction (Prigge et al., 2012; Liu et al., 2015; Hu et al., 2016).  Although 
the number of QTL varied among populations and generations, qhir1 consistently had a major 
effect on HIR and accounted for up to 66% of the genotypic variance in crosses of UH400 with 
both 1680 (non-inducing inbred) and CAUHOI (Prigge et al., 2012).  Dong et al. (2013) 
conducted a fine mapping experiment of qhir1 using populations from crosses between UH400 
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and 1680, similar to those of Prigge et al. (2012), and were able to narrow the QTL to a 243 kb 
region.  Similarly, Liu et al. (2015) conducted a fine mapping experiment of qhir8 using crosses 
between UH400 and CAUHOI as a mapping population and narrowed qhir8 to a 789 kb region.  
Additional regions on chromosome 1 have also been detected by Hu et al. (2016) with a novel 
GWAS approach termed conditional haplotype extension (CHE), which allows detection of 
selective sweeps.  This recently discovered region, qhir12, is 3.97 Mb long and is downstream of 
the previously fine-mapped region for qhir1 (Hu et al., 2016; Dong et al., 2013). 
More recently, different research groups independently identified the gene 
MATRILINEAL (MTL), which is underlying qhir1, and explains the increased haploid 
induction rates within inducer lines (Kelliher et al., 2017; Gilles et al., 2017; Liu et al., 2017).  
Kelliher et al. (2017) utilized fine-mapping to narrow the qhir1 region to 0.57 Mb, which 
contained seven candidate genes.  MTL, a pollen-specific phospholipase, was discovered to 
contain a frame-shift mutation.  Furthermore, knockdown lines using RNA interference (RNAi) 
and complete knockout lines using transcription activator-like effector nuclease (TALEN) for 
MTL were created, resulting in haploid induction rates of 2.7% and 6.7%, respectively.  The 
gene responsible for qhir8 and possible other QTL have yet to be uncovered.    
Goals and Objectives 
Doubled haploid technology in maize is the broad focus of the studies contained in this 
thesis.  The specific research goals of these studies were to investigate the possibility of 
incorporating embryo culture within a doubled haploid program in maize, which included 
outlining a method of selection for haploid embryos.  The potential benefits of incorporating 
embryo culture to doubled haploid programs, such as increased doubling rates, were also to be 
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observed and documented.  Lastly, the search and discovery of genes responsible for haploid 
induction rates in maize in order to impact the efforts to transfer doubled haploid technology to 
other crops was a final goal.    
Organization of Thesis 
This thesis contains one published article (Chapter 2) and three chapters in preparation for 
publication (Chapter 3-5).  An overall conclusion chapter (Chapter 6) summarizes the findings of 
all research related chapters. Each research related chapter contains its own abstract and 
introduction, therefore, the thesis general introduction was restricted to general background 
topics. 
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CHAPTER TWO 
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Abstract 
Commercial maize hybrid production has corroborated the usefulness of producing 
inbred lines, however, the delivery of new lines has always been a major time constraint in 
breeding programs.  Traditional methods for developing inbred lines typically require 6-10 
generations of self-pollination to obtain sufficient homozygosity.  To bypass the time and costs 
associated with the development of inbred lines, doubled haploid (DH) systems have been 
widely adopted in the commercial production of maize.  Within just two generations, DH 
systems can create completely homozygous and homogeneous lines.  A typical maize DH 
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system, utilizing anthocyanin markers R1-nj or Pl1 for haploid selection, is described in this 
protocol.   
Introduction 
After the discovery and exploitation of heterosis, yield increases and advancements in 
large scale commercial maize production encouraged the use and spurred the demand of this 
commodity in the U.S. and worldwide (Shull, 1908; Shull, 1909).  Breeders are continuously 
pressed to rapidly deliver lines with new traits, coupled with enhanced yield, especially as the 
global human population increases.  Given that traditional methods for developing inbred lines 
typically require 6-10 generations of self-pollination to obtain sufficient homozygosity (Hallauer 
et al., 2010), doubled haploid (DH) technology provides an attractive alternative to delivering 
homozygous lines in only a few generations.  Currently, DH technology is well known to be an 
efficient and reliable means of advancing maize breeding programs.  This technology is highly 
utilized in commercial breeding programs worldwide (Schmidt, 2003; Seitz, 2005; Chen et al., 
2009).   
Doubled haploids are created when a haploid (n) plant undergoes genome doubling due 
to the exposure to a doubling agent or mitotic inhibitor, the most common being colchicine, 
resulting in genetically uniform diploid offspring with two identical genomes (2n).  Although 
spontaneous doubling is possible, colchicine is effective in significantly increasing the number of 
sectors displaying restored fertility as compared to untreated haploids (Chase, 1969).  The most 
common method of producing haploid plants in maize DH line production is in-vivo maternal 
haploid induction, which requires a specific inducer genotype.  When an inducer is crossed to a 
maize donor plant, progeny will separate into diploid (2n) and haploid (n) classes.  Haploids still 
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contain a normal triploid endosperm, however, allowing for proper germination.  Current 
maternal haploid inducers are all derived from Stock 6, which was found to display a maternal 
haploid induction rate of 1-2% (Coe, 1959).  With the advent of Stock 6 and after decades of 
improvement, inducers with higher haploid induction rates made the in-vivo maternal doubled 
haploid system feasible for large scale maize production (Geiger, 2009).  Research programs 
created improved in-vivo maternal haploid inducers based on Stock 6, including RWS, KEMS, 
WS14, and MHI, among many others with higher haploid induction rates (Röber et al., 2005; 
Shatskaya et al., 1994; Lashermes and Beckert, 1988; Eder and Chalyk, 2002).  These inducers 
(used as the male parent) are crossed to a donor genotype or population (used as the female 
parent), currently resulting on average in 8% haploid progeny (Prigge et al., 2011).  A dominant 
anthocyanin gene, R1-navajo or R1-nj (Chase and Nanda, 1965; Nanda and Chase, 1966; 
Greenblatt and Block, 1967; Neuffer et al., 1997), was incorporated into inducer genotypes, 
which allows for visual selection of mature haploid kernels by the absence of the dominant 
expression in the embryo.  Once haploids are selected, they are germinated before exposing them 
to a doubling agent.  Typically, they are treated with colchicine before being transferred to the 
field to reach maturity.  Haploids displaying fertility restoration, usually in a chimeric pattern, 
can be self-pollinated to create a doubled haploid line.   
This publication provides a detailed protocol describing how to create maize doubled 
haploids using the most common approaches.   
Generation of maize doubled haploids 
Doubled haploid technology is a popular approach to develop inbred lines in just two 
generations.  The recent review by Liu et al. (2016) provides an extensive list of uses for DH 
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technology, which include: rapid development of inbred lines, marker-assisted backcrossing, 
gene stacking, population improvement, exploitation of genetic resources, among many others.  
DH technology not only saves time and resources, but also has many other benefits.  For 
instance, it is the only method that will arrive at a completely homozygous and homogeneous 
line, fulfilling all requirements necessary for Plant Variety Protection (PVP), or the intellectual 
property statute which provides control over new, distinct, uniform, and stable plant varieties 
(Liu et al., 2016).  In addition, selection during the haploid stage is more efficient and precise, 
especially when used in addition with molecular markers (Liu et al., 2016).  Because haploids 
only contain one set of chromosomes, it is easier to observe and select certain alleles of interest.  
Similarly, natural selection on haploids can be utilized to remove harmful mutations (Chang and 
Coe, 2009).   
This protocol involves four major steps:  1) production of haploids by in-vivo maternal 
haploid induction, 2) selection of haploid kernels or seedlings, 3) genome doubling by 
application of a doubling agent to haploid seedlings, and 4) self-fertilization of successfully 
doubled haploids.  
Materials 
Donor population (female parent) 
Maternal in-vivo haploid inducer genotype (male parent) containing R1-nj 
Note:  A full list of inducers can be found in Liu et al. (2016) 
Germination and potting equipment (pots, plug trays, soil, etc.) 
Colchicine and dimethyl sulfoxide 
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Syringes for injection of colchicine solution 
Access to a greenhouse 
Pollination equipment (shoot and tassel bags, garden snips, etc.) 
Production of haploids by in-vivo maternal haploid induction 
Select a donor population to induce and plant it in the field, usually between mid-May 
and early June or when weather is appropriate.  Along with the donor population, 1-2 delayed 
plantings of the inducer genotype should be planted as well.  Plant approximately one inducer 
plant for every 6 donor plants.   
Donor populations are usually an F1 or F2 from any combination of lines.  Maize 
inducers are generally considered genotype independent.  Although there are some exceptions, 
they maintain the ability to induce haploids when combined with mostly all donor populations.   
When flowering begins (generally 9-10 weeks after emergence), take precautions to 
maintain controlled pollinations. De-tassel donor plants to avoid contamination and accidental 
self-pollinations.  The inducer genotype (male parent) is used to pollinate the donor genotype 
(female parent).    
Keeping in mind that on average only 8% of progeny will be haploid, it is important to 
make a sufficient number of pollinations.  See the “Anticipated Results” section for more 
information on calculating how many induction crosses are necessary. 
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Selection of haploid kernels or seedlings 
Allow 55-60 days for full maturation or stage R6, approximately 30% moisture (Nielsen, 
2001) and dormancy of kernels before harvesting.     
After kernels are dried, identify and select haploid kernels based on the dominant 
anthocyanin marker, R1-nj, being absent in the embryo during the shelling process (Figure 1).  In 
diploid kernels, R1-nj is expressed as a red/purple coloration in the aleurone (outermost layer of 
endosperm, 3n) and the scutellum (embryo, 2n).  Since haploid kernels have a triploid (3n) 
endosperm, the aleurone expresses this coloration, while the haploid embryo (1n), possessing 
only the donor genotype, does not express this coloration.  Thus, a haploid kernel is identified 
based on coloration on the crown, but with the absence of coloration in the embryo.  
Other alternative markers/methods for haploid kernel selection include oil content (using 
high-oil inducers), near-infrared spectroscopy, or seed weight.  See “Background information” 
for details. 
If the donor population contains a dominant anthocyanin inhibitor gene in the genetic 
background, such as C1-I, C2-Idf, or In1-D, it will block the ability to accurately identify haploid 
kernels by the R1-nj marker (Coe, 1994).  Another anthocyanin marker observed as red/purple 
coloration of roots, Pl1 (Purple1), can be used in this case (Sastry, 1970).  If possible, sort out 
clear diploids based on R1-nj and germinate the remaining potential haploids to view root 
coloration for more accurate selection.  Germinate seeds in multi-plug trays (200 or 400 plugs 
per tray), as these trays use limited soil and root balls are easily viewed within one week.  Since 
plug trays tend to dry out quickly, it is tempting to add a solid tray below to hold a water 
reservoir, but seeds tend to show poor germination with this type of setup due to being water-
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logged.  Therefore, the setup should allow for proper drainage and watering may be necessary 
several times a day.  Some optional setups include using an upside-down plug tray for support 
(Figure 2) or using a perforated tray.  It is not suggested to leave the bottom of plug tray open, 
because there is a potential for light-induced anthocyanin production in roots.  If the donor 
population carries a recessive light-dependent pl1 allele in the genetic background, tissues 
exposed to light develop a “sun-red” phenotype (Emerson, 1921; Briggs, 1966; Coe et al., 1988).  
After approximately one week, haploids can be selected based on root coloration. Gently pull out 
the seedling from the plug trays, trying to limit damage or tearing of roots (squeezing the 
individual plug from beneath can help loosen the root ball).  If desired, wash the soil off of the 
roots to better see the coloration, but this is usually not necessary.  Seedlings with red/purple 
roots are discarded as diploids, or false positives of the R1-nj kernel color selection, while 
seedlings with white roots are selected as haploids (Figure 3).  Depending on the transplanting 
system, repot the seedlings to the respective pots and continue cultivation until the 2-3 leaf stage 
is reached. 
Genome doubling by application of a doubling agent to haploid seedlings 
Assuming haploid kernels were selected based on R1-nj, germinate selected haploid seeds 
in plug trays in a greenhouse 2-3 weeks prior to transplanting to the field.  If haploids were 
selected based on Pl1, skip to the next step. 
Since doubling rates (percentage of haploids that display male and female fertility) 
usually range between 20-25% and success rates (percentage of haploid seeds that result in a 
DH line) usually range from 8-10%, it is important to plant an adequate number of haploids to 
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ensure the desired number of DH lines is reached.  See the “Anticipated Results” section for 
more information. 
Once seedlings have 2-3 collared leaves (usually 10-12 days after planting) inject 
approximately 100 ul of 0.125% colchicine solution with 0.5% dimethyl sulfoxide (DMSO) into 
the stalks, or at 3-5 mm above the apex using a 1 ml (25G) sterile syringe (Figure 4) (Zabirova et 
al., 1996; Eder and Chalyk, 2002).  Make sure the seedlings are well watered before treatment, as 
watering should be avoided for some hours after injection.  Before starting the injection brush 
with your arm over the seedlings to remove excess water sitting in the whorl of the leaves. Start 
applying colchicine from the middle of tray and work outward to avoid reaching over already 
treated seedlings, turn the tray around and do the other half the same way. The leaves form a 
column, which is filled with colchicine solution when injection is done successfully.  After 
treatment, the seedlings are kept out of direct sunlight for 4-8 hours. 
The goal of the injection is to expose the shoot apical meristem to colchicine because 
flowering tissues (tassel and silks) will be generated from this meristematic region.  As 
mentioned, colchicine-treated haploids will be chimeric (not all tissues will be doubled), and it is 
vital that the flowering tissues are successfully doubled.  
Colchicine has to be handled with caution – always wear personal protective equipment 
(PPE).  The colchicine solution is sometimes dyed blue with the addition of vegetable dye (for 
example Color Coat TM Blue from Becker Underwood) to aid the researcher in visualizing spills 
as a safety precaution.  This avoids unnecessary prolonged contact with colchicine in the 
incident of an accidental spill.  If skin comes into contact with the solution wash with plenty of 
water.  The chemical is bought in small batches, to avoid unnecessary weighing of the powder 
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(for example 1 g is sufficient for 800ml of solution, and about 7000-8000 injections). The 
solution has to be kept in a dark bottle as colchicine is susceptible to light.  Colchicine solution 
can be stored at 4ᵒC for 2-3 weeks. All plastic ware, tissues, syringes that come in contact with 
colchicine solution are autoclaved and disposed of by incineration. Left over solution is collected 
by Environmental Health and Safety Offices, or only authorized personnel for proper disposal.  
Self-fertilization of successfully doubled haploids 
After colchicine treatment, transplant the seedlings to the field (usually 1-2 days after 
injection).  If conditions warrant, water seedlings after transplanting.   
Transplanting is highly stressful for haploid plants, so being extremely responsive to the 
agronomic needs of the plantlets is a key to success.  
After a few weeks of growth, diploids that were mis-categorized or treated as a haploid 
will be obvious at this point.  These plants will be significantly taller and have an overall greater 
vigor.  The diploids usually show typical growth patterns, whereas haploids have narrow, more 
erect leaves, which sometimes displays white stripes (Chase, 1969).  Diploids will also show 
strong red/purple coloration in the stalk, whereas haploids will not (Figure 5).  Remove the 
diploid plants, because if left in the field, these plants can compete for water/resources and can 
also shade weaker haploid plants. 
Once shoots are exposed, cover them with a shoot bag until pollen begins to shed.  If 
haploids display fertility restoration, it will usually be sectorial due to the chimeric pattern of 
genome doubling (Kato, 2002) (Figure 6a).  The treatment of colchicine will only restore fertility 
when, by chance, the genome of cells which will produce flowering tissues is doubled.   When 
pollen is shedding, tap anthers onto a paper bag for direct pollen collection.  If there are only a 
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few anthers that do not shed their pollen upon collection, it may be necessary to cut the anthers 
to release pollen (Figure 6b).  If silks are not emerged at the time of pollen shed, it may also be 
necessary to cut back the tip of the husk leaves in order to uncover receptive silks.  Carefully 
disperse collected pollen over the silks.  Isolate the pollinated ear by covering it with a 
pollination bag.  Observe haploid plants on a daily basis since pollinations can be repeated up to 
two times if more fertile anthers emerge.   
Commentary 
Background information 
Since the introduction of DH technology to the maize industry, researchers have been 
consistently working for more than 70 years to improve the efficiency of this system (Chang and 
Coe, 2009; Liu et al., 2016).  As a result, there are several alternative techniques that were 
developed.  Generally, however, these alternatives did not become standardized due to the lack 
of efficiency, inferior end products, or the burden of extra labor.   
The generation of haploids, for instance, has been successfully accomplished by several 
methods.  Although alternatives exist, however, using an in-vivo maternal haploid inducer is 
typically the standard method in maize because it has been the most successful (Liu et al., 2016).  
One alternative is using an in-vivo paternal haploid inducer, which produces 1-2% haploid 
progeny due to the mutation of the gene ig1 (indeterminate gametophyte) (Kermicle, 1969; 1971; 
1994).  Because this gene is responsible for switching from proliferation to differentiation within 
embryo sacs, ig1 mutant female gametophytes have a prolonged phase of free nuclear divisions, 
which creates egg cells with abnormalities including those without a nucleus (Evans, 2007).  
Upon fertilization, haploids which contain the maternal cytoplasm and only one set of the 
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paternal chromosomes are produced.  Although this system is sometimes used for converting an 
inbred line to its cytoplasmic male sterile (CMS) form (Pollacsek, 1992; Schneerman et al., 
2000), it is not used in standard breeding programs due to low haploid induction rates.   
Haploids can also be generated by anther-culture, but this procedure is an in-vitro process 
that requires much more resources and is genotype dependent (Maluszynski et al., 2003).  Even 
after extensive research to optimize anther-culture procedures (Kuo et al., 1978) and to find 
genetic stocks that are responsive (Genovesi and Collins, 1982; Dieu and Beckert, 1986; Petolino 
and Jones, 1986), this procedure is not widely used in commercial production of maize.  
Unfortunately, most elite lines are non-responsive to this protocol (Maluszynski et al., 2003).   
Not only are there alternative methods to creating haploids, there are alternative markers 
that can be used in place of R1-nj for selection of haploids.  As mentioned, there are other 
methods of selection of mature kernels including oil content, near-infrared spectroscopy, and 
seed weight (Liu et al., 2016).  The most reliable and accurate of these alternative selection 
methods is oil content, scoring above 90% accurate (Liu et al., 2016).  High-oil inducers contain 
elevated levels of oil and because oil is primarily stored in the embryo, haploid kernels will 
contain less oil as compared to diploid kernels.  For instance, non-destructive nuclear magnetic 
resonance (NMR) measurements show that oil content on average is 5.26% for diploid kernels as 
compared to 3.42% for haploid kernels (Chen and Song, 2003).  Other markers are observed in 
the seedling stage.  As mentioned, there is another anthocyanin marker, Pl1 (Sastry, 1970), that 
can also be utilized if selection based on R1-nj is error-prone.  If the donor population contains a 
dominant anthocyanin inhibitor gene, such as C1-I, C2-Idf, or In1-D, it will block the ability to 
identify haploid kernels by the R1-nj marker (Coe, 1994), making the use of Pl1 necessary.    
Although Pl1 could be used exclusively, it is usually only used in these cases where an 
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alternative marker is necessary due to the additional labor involved with growing out all 
seedlings to observe root coloration.   
Similarly, although colchicine is the most commonly used mitotic inhibitor, there are 
many other types that can be used and are less toxic, which include herbicides such as pronamid, 
APM, trifluralin, and oryzalin.  These alternatives have likely not become standardized due to 
conflicting findings.  For instance, these herbicides have been shown to be effective chromosome 
doublers (Häntzschel and Weber, 2010).  Other studies however, show that doubling rates for 
these herbicides were not significantly different than spontaneous doubling rates (Vanous, 2011).  
It has also been found that the mitotic inhibitor can be successfully applied at different growth 
stages.  For example, seedlings can also be soaked in a colchicine-containing solution shortly 
after germination, explained in Deimling et al. (1997).  Soaking may result in a higher 
percentage of fertile haploids as compared to the traditional method of injection (Eder and 
Chalyk, 2002), but additional wash steps add to the labor involved, and the large volume of 
hazardous waste increases unnecessary handling of this carcinogen.  
Critical parameters  
The success rate of doubling by colchicine injection may be influenced by temperature 
following injection.  It is important to maintain the temperature at 25ᵒC because higher 
temperatures can decrease doubling rates (Barow, 2006).  
Maintaining optimum agronomic conditions for haploids is an important factor in haploid 
fertility.  For instance, although male sterility is more common, stressed haploids may also 
exhibit female sterility.   
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Self-fertilization of successfully doubled haploids can sometimes be difficult due to the 
sectorial sterility of the tassel.  It is important to pollinate whenever pollen is available.  If the 
quality of a pollination is in question, a second pollination can be done the following day if more 
pollen is released.    
Troubleshooting 
For troubleshooting advice, see Table 1. 
Anticipated results 
Doubled haploid procedures come with a high percentage of unsuccessful attempts that 
the researcher must anticipate if expected to arrive at a certain number of DH lines.  For instance, 
induction crosses arrive at an average of only 8% haploid progeny (Prigge et al., 2011).  In 
addition, not all haploids will arrive at a successful DH line.  As mentioned, doubling rates 
(percentage of haploids that display male and female fertility) usually range between 20-25% 
and success rates (percentage of haploid seeds that result in a DH line) usually range from 8-
10%.  Assuming it is desired to arrive at 10 DH lines, one can work backwards and calculate the 
number of initial induction crosses needed (Figure 7).  
Time considerations 
The doubled haploid system in maize takes two generations to complete.  The first 
generation is used to make induction crosses or create haploid progeny.  During the second 
generation, the haploid seedlings will be doubled and self-pollinated, thereby creating the 
doubled haploid line.  These two generations will both likely take place during the growing 
season.  If necessary, the first generation can be completed in the greenhouse or at a winter 
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nursery location.  It is not recommended that the second generation be grown in a greenhouse 
since optimum agronomic conditions are essential for restored fertility of colchicine-treated 
haploids.   
For the second season, plan to plant the selected haploid kernels in the greenhouse by the 
end of April or early May if weather for the region allows field planting around mid-May.  It 
takes approximately 10-20 days after emergence to reach the V3 stage (or when the seedling has 
3 leaves) at 350 growing degree units (GDUs) (Neild, 1990).  This will be the point at which 
colchicine can be injected and plantlets can be transplanted to the field.  Pollination can be 
expected at 6-7 weeks after transplanting. 
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Figure Legends  
Figure 1:  a) Ears resulting from pollinations by inducers carrying the R1-nj anthocyanin marker.  
b) Whole and cross-sectional views of haploid (left) and diploid (right) mature kernels.  The 
anthocyanin marker, R1-nj, produces the red/purple coloration observed on the crown of both 
diploid and haploid as well as the coloration in the diploid embryo. 
Figure 2:  Plug tray setup which allows drainage and also maintains a dark environment for 
proper root coloration.   
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Figure 3:  Haploids (left) display colorless or white roots, whereas diploids (right) display 
red/purple roots.  Note that haploids do not always display colorless stalks, and that selection 
should not rely on plant color alone.      
Figure 4:  Injection of colchicine solution at the V3 stage.  The goal is to make the injection a 
few mm above the meristematic region and within the center column.  Usually injecting at an 
angle (as pictured) is a good method to target the center column. 
Figure 5:  a) Haploids will show narrow erect leaves with colorless stalks.  b) Diploids display 
vigorous growth and increased height, as well as red/purple coloration within the stalk.   
Figure 6:  a) Haploid tassels will usually display sectorial sterility.  The arrow indicates a tassel 
branch with restored fertility.  b) It is important to collect any pollen possible, even if it involves 
cutting anthers to release pollen.  The arrow points to the small amount of pollen released from a 
single cut anther.  
Figure 7:  Diagram shows how to calculate the number of initial induction crosses necessary 
considering the desired end product is 10 DH lines.  Calculations are shown for both traditional 
methods based on selection using R1-nj (top path) or traditional methods based on selection 
using Pl1 (bottom path).   
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Tables and figures 
Table 1:  Troubleshooting Guide 
Problem Possible Cause Solution 
Poor induction crosses Poor weather conditions 
during pollination and 
grain fill. 
Make many more induction 
crosses than necessary. 
 
Provide many planting 
delays as alternative 
crossing options in the case 
of intermittent drought-like 
conditions (hot or dry 
weather may affect pollen 
quality). 
Mis-characterized haploid Poor sorting skills Improve lighting of work 
space and practice often.  
Male and/or female sterility 
in haploids 
Poor agronomic conditions 
and/or extreme heat after 
colchicine injections 
Do not allow haploids to 
endure stressful conditions 
for extended periods of 
time.   
 
Control the temperature at 
25ᵒC after colchicine 
injections 
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Figure 1:  a) Ears resulting from pollinations by inducers carrying the R1-nj anthocyanin marker.  
b) Whole and cross-sectional views of haploid (left) and diploid (right) mature kernels.  The 
anthocyanin marker, R1-nj, produces the red/purple coloration observed on the crown of both 
diploid and haploid as well as the coloration in the diploid embryo. 
 
Figure 2:  Plug tray setup which allows drainage and also maintains a dark environment for 
proper root coloration.   
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Figure 3:  Haploids (left) display colorless or white roots, whereas diploids (right) display 
red/purple roots.  Note that haploids do not always display colorless stalks, and that selection 
should not rely on plant color alone.      
 
Figure 4:  Injection of colchicine solution at the V3 stage.  The goal is to make the injection a 
few mm above the meristematic region and within the center column.  Usually injecting at an 
angle (as pictured) is a good method to target the center column. 
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Figure 5:  a) Haploids will show narrow erect leaves with colorless stalks.  b) Diploids display 
vigorous growth and increased height, as well as red/purple coloration within the stalk.   
 
Figure 6:  a) Haploid tassels will usually display sectorial sterility.  The arrow indicates a tassel 
branch with restored fertility.  b) It is important to collect any pollen possible, even if it involves 
cutting anthers to release pollen.  The arrow points to the small amount of pollen released from a 
single cut anther.  
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Figure 7:  Diagram shows how to calculate the number of initial induction crosses necessary 
considering the desired end product is 10 DH lines.  Calculations are shown for both traditional 
methods based on selection using R1-nj (top path) or traditional methods based on selection 
using Pl1 (bottom path).   
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Abstract 
Potential benefits of incorporating embryo culture (EC) into a doubled haploid (DH) 
program, including shortening the breeding cycle and increasing chromosome doubling rates, 
make the laborious and tedious task of excising embryos worth the effort.  Difficulties arise 
during embryo selection considering the marker gene, R1-nj, which is typically used in DH 
programs, is not expressed in early stages after pollination.  Although transgenic approaches 
have been implemented to bypass this issue, there is so far no known non-transgenic method of 
38 
 
 
 
selecting haploid embryos.  The findings of this study reveal methods of selecting haploid 
embryos that allow the possibility of incorporating EC into a DH program without using 
transgenic inducers.  The best performing method involves a machine-learning classifier, 
specifically a support vector machine, which uses primary root lengths and daily growth rates as 
traits for classification.  Selection by this method can be achieved on the third day after 
germination.  By this method, an average false negative rate of 2% and false positive rate of 9% 
was achieved.  Therefore, the methods presented in this research allow for efficient and non-
transgenic selection of haploid embryos that is simple, re-usable, cheap, and effective. 
Introduction 
Embryo culture (EC) is an in vitro technique for the germination of immature embryos.  
The most common application is the rescue of interspecific and intergeneric diploids that would 
otherwise abort due to an improperly developed endosperm (Bridgen, 1994).  An artificial 
medium provides nutrients that the endosperm would otherwise supply.  Therefore, this 
technique is also called “embryo rescue.”  Because EC is one of the oldest and most perfected in 
vitro procedures, a broad range of uses developed over time.  EC can be utilized to shorten the 
generation cycle by bypassing seed dormancy. In maize doubled haploid (DH) programs, the 
generation cycle is shortened by approximately 6 weeks, if the embryo is excised 10-12 days 
after pollination (DAP).  In addition, EC can be used in DH programs to increase genome 
doubling rates by adding colchicine to the growth medium.  EC was shown to increase 
effectiveness of colchicine treatment from 10% to >90%, which is a dramatic increase in 
efficiency of DH line production (Barton et al., 2014).   
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Most DH lines in maize are produced by maternal haploid induction: in vivo production 
of haploids by pollinating a donor plant with inducer pollen. Maternal in vivo haploid induction 
results on average in 8-12% haploid progeny in maize, likely by fertilization and subsequent 
chromosome elimination (Liu et al. 2016; Ren et al. 2017).  Since the inducer genotype, which 
carries the dominant anthocyanin marker gene R1-nj (Navajo) (Nanda and Chase, 1966; Neuffer 
et al., 1997) is eliminated, haploid kernels can be visually selected based on this marker.  Visual 
selection is done after harvest based on mature kernels.  Diploids will be identifiable because 
both the endosperm (3n) and embryo (2n) will be red or purple colored, whereas haploids have a 
red or purple colored endosperm (3n), but a colorless embryo (n).  Once haploids are selected, 
they are typically treated with a mitotic inhibitor, such as colchicine, to restore diploidy and 
fertility in a chimeric pattern (Vanous et al., 2017).  Successfully doubled haploids are self-
pollinated to create DH lines.   
Unfortunately, the most commonly used marker for DH production, R1-nj, is not 
practical to use for EC.  Expression levels correlate with kernel maturation (Alexander and 
Cross, 1983), and an embryo harvested 10-12 DAP will not express R1-nj.  Earlier expression of 
the marker can be achieved by replacing the native promoter with the oleosin or Lectin D (Lecd) 
promoters, which are expressed as early as a few hours after pollination (Barton et al., 2014).  
However, regulatory constraints in using genetic modifications may limit the use of transgenic 
inducers.  Generally, DH lines do not contain inducer genes since the inducer chromosomes are 
eliminated.  However, this is only an assumption as the biological process of haploid induction is 
still not fully understood.  There are two hypotheses on genesis of haploids, single fertilization 
(i.e., failure of fusion between sperm and egg) and postzygotic genome elimination (i.e., inducer 
chromosomes are eliminated after double fertilization) (Sarkar and Coe, 1966; Zhao et al., 2013).  
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Observations of haploids carrying inducer chromosome segments support the hypothesis of 
postzygotic genome elimination.  When CAU5 was used to produce maternal haploids, about 
43% of haploids carried inducer chromosome segments (Li et al., 2009).  In addition, when a 
CAU5B inducer carrying a B chromosome was crossed with a diploid, a low frequency of 
haploids were found carrying B chromosomes and a haploid plant carried a 44 Mb inducer 
segment (Zhao et al., 2013).  Thus, DH lines produced by transgenic inducers may be regulated 
under GMO legislation (Murovec and Bohanec, 2012).   
The overall goal of this study was to establish an efficient non-transgenic method for 
early selection of haploid embryos following EC.  It is well established that haploids are weaker 
with reduced vigor as compared to their diploid counterpart (Chase, 1964). Herein, we report 
methods of early haploid selection based on differential root growth features of haploid and 
diploid plants during EC. The specific objectives were to 1) explore biological differences of 
root characteristics between embryos of haploid and diploid genotypes, 2) develop a statistical 
method to reliably discriminate between haploid and diploid embryos within one week of EC, 
and 3) design a simple and streamlined selection protocol. 
Results 
Two inbred lines, Wf9 (Ames 19293; Abel et al., 1995; Flint-Garcia et al., 2005) and 
PHZ51 (PI 601322), were induced by crossing them with haploid inducer RWS/RWK-76 (Röber 
et al., 2005) to produce embryos segregating for ploidy.  Both haploid and diploid embryos were 
harvested from this material for EC.  Embryos were grown in specialized containers, which 
allowed for continuous monitoring of root development.  Primary root length (PRL) was 
measured for each sample every 24 hours for the first two weeks of growth.    
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Primary root development in haploid and diploid plants in embryo culture 
Roots were observed for PRL over the first nine days after germination.  Haploid PRL 
was significantly shorter than diploid PRL from day 1 (P=0.0124) onward, with haploids 
measuring 0.89 cm (±0.05) and diploids 1.05 cm (±0.05) the first day.  From day 2 on, haploid 
PRL was significantly (P<0.0001) shorter than diploid PRL, with haploid PRL measuring 
1.91cm (±0.06) and diploid PRL 2.77 cm (±0.06) on day 2 (Table 1).  PRL of haploids are 
normally distributed throughout all days. Distributions of diploid PRL values were normally 
distributed for days 1-5 but skewed to the left after day 6 (Figure 1).  Absolute differences in 
diploid and haploid PRL increased until day 6 from 0.16 cm on day 1 to 4.8 cm on day 6.  
Percentage differences ([(diploid PRL – haploid PRL)/haploid PRL]*100) increased from 18.0% 
on day 1 to 78.4%, the maximum percentage difference, on day 6 (Table 2, Figure 3a).  Although 
genotype was significant for the early time points (days 1-5), it became non-significant after day 
6 (P=0.29).  The interaction between genotype and ploidy was not significant, except on days 2 
(P=0.051) and 3 (P=0.045).  The factor “experiment” was significant across all days (P<0.0001).  
The genotype by experiment interaction was not significant for any days, whereas, the ploidy by 
experiment interaction was significant for later days, such as days 7 (P=0.05), 8 (P=0.009), and 9 
(P=0.002).  Correlations of PRL measurements, of both haploids and diploids, revealed there 
were only a few days lacking correlation.  When results from haploids on day 1 were compared 
to days 7-9, the Pearson’s correlation coefficients were 0.11, -0.08, and -0.11, with p-values of 
0.21, 0.45, and 0.32, respectively (Table 3).  For diploids, the Pearson’s correlation coefficients 
were 0.15, 0.13, and 0.16, with p-values of 0.07, 0.17, and 0.13, respectively (Table 4).        
PRL growth rate (GR) was measured by taking PRL measurements over all nine days of 
growth after germination and fitting a linear regression for these data points.  When analyzed for 
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GR, ploidy was significant (P<0.0001) (Table 1).  Distributions for haploids were normal but 
left-skewed for diploids (Figure 2).  Genotype (P=0.17) and the genotype by ploidy interaction 
(P=0.07) were not significant, while factor “experiment” was significant (P<0.0001).  The only 
interactions that were significant for GR was the ploidy by experiment interaction (P=0.0002).  
The GR of diploids was 1.68 cm/day (±0.03), whereas haploids grew 0.91 cm/day (±0.03) (Table 
2).   
For the analysis of germination date, only “experiment” was significant (P<0.0001) 
(Table 1), which explains its significant impact on other traits.  The average germination date for 
diploids was 1.26 days (±0.02) and for haploids 1.23 days (±0.02).  Similarly, average 
germination date for Wf9 was 1.24 days (±0.02) and for PHZ51 was 1.26 days (±0.02).  Average 
germination dates for different experiments, however, showed much more variation.  
Germination dates ranged from 1.00 days (±0.02) to 1.74 days (±0.02) for different experiments.   
Diploids exhibited more variation in root development. Some diploids exhibited a constant 
increase in PRL, whereas others ceased growth of the primary root and instead allocated energy 
to growing secondary roots (Figure 3).  If secondary roots were formed, they began to grow by 
days 5-6.    
Exploring criteria for haploid – Diploid discrimination 
Receiver Operating Characteristic (ROC) curves were analyzed and areas under the curve 
(AUC) were calculated to determine the performance of all selection methods.  Youden’s J 
statistic was computed as an additional indication of performance.  Optimal criteria for selection 
were computed with the raw data, as well as for two scenarios, where haploid prevalence (P) was 
10% or 20%.  False negative rates (FNR) and false positive rates (FPR) were estimated for all 
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cases.  In both scenarios, heavier weight was placed on false negatives (see materials and 
methods).  All selection method performances are summarized in Table 5.  
Method A: trait evaluation not adjusted for germination 
When PRL was not adjusted for germination date, selection was based on PRL 
measurements on a single day, and the day with the highest AUC was day 9.  AUC values ranged 
between 0.58 (±0.054) (day 2) and 0.81 (±0.019) (day 9) for days 2-9.  If selection was 
performed on day 9, the optimal criterion for selection would be ≤ 11.35 cm and would result in 
a FNR of 5% and a FPR of 46% (Figure 4a).  If a scenario is considered with P=10%, the 
selection criterion would be ≤ 5.26 cm with a FNR10 of 6% and a FPR10 of 7%.  If P=20%, then 
the optimal criterion for selection would again be ≤ 11.35 cm, but with a FNR20 of 1% and a 
FPR20 of 37%.  For Youden’s J Statistic, however, the highest value was for day 4.  Youden’s J 
statistic values ranged between 0.19 (day 2) and 0.53 (day 3) for days 2-9.  If selection was 
performed on day 4, the optimal criterion for selection based on PRL measurements would be ≤ 
3.99 cm, resulting in a FNR of 12% and a FPR of 36%.  If P=10%, the selection criterion would 
be ≤ 3.59 cm with a FNR10 of 3% and a FPR10 of 23%.  When P=20%, the selection criterion 
would be ≤ 3.99 cm, producing a FNR20 of 2% and a FPR20 of 29%.  
Method B: trait evaluation adjusted for germination 
If days are adjusted for germination date, and selection was based on PRL measurements 
on a single day, the day with the highest AUC was found for day 4.  AUC values ranged between 
0.53 (±0.033) (day 1) and 0.89 (±0.014) (day 4) between days 1-9.  Youden’s J statistic values 
ranged between 0.15 (day 1) and 0.62 (day 4) between days 1-9.  If day 4 was chosen for 
selection based on PRL measurements, the optimal criterion for selection would be ≤ 5.47cm, 
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providing a FNR of 21% and a FPR of 17%.  For P=10%, the optimal criterion for selection 
would be ≤ 5.11cm, providing a FNR10 of 3% and a FPR10 of 11%.  If P=20%, the optimal 
criterion for selection would be ≤ 5.80 cm, resulting in a FNR20 of 3% and a FPR20 of 18% 
(Figure 4b).  
Method C: trait evaluation for growth rate 
A selection method using GR over all nine days and adjusted for germination date, 
resulted in an AUC of 0.81 (±0.020).  The Youden’s J statistic was 0.59.  If GR was used for 
selection, the optimal criterion for selection is ≤ 1.52 cm/day with a FNR of 11% and a FPR rate 
of 30%.  If P=10%, the optimal criterion is ≤ 1.52 cm/day, and FNR10 drops to 1% and the FPR10 
to 27%.  If P=20%, the optimal criterion is ≤ 1.55 cm/day, resulting in a FNR20 of 2% and a 
FPR20 of 25% (Figure 4c).     
Method D: trait evaluation by Support Vector Machine (SVM) Learning 
The SVM method utilized PRL of a particular day, all prior days PRL measurements, and 
the growth rates.  Best results with the SVM method were obtained on day 3 after germination.  
The AUC was 0.90 (±0.019) for day 3, which is higher than for any other selection method.  
Moreover, the Youden’s J statistic (0.72) was higher than with any other method.  By this 
method, any output (Y) value that is negative is predicted to be haploid, with smaller (more 
negative) values increasing the probability of haploidy.  The optimal criterion in our study was a 
negative value ≤ -0.08.  This criterion would result in a FNR of 14% and a FPR of 14%.  If 
P=10%, the optimal criterion would be ≤ -0.21, resulting in a FNR10 of 2% and a FPR10 of 9%.  
If P=20%, the optimal criterion would be ≤ -0.08 with a FNR20 of 3% and FPR20 of 11% (Figure 
4d).  
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Discussion 
Haploids and effects of ploidy in general has been thoroughly studied (Chase, 1964; Guo 
et al., 1996; Miller et al., 2012).  In maize, Randolph et al. (1944) observed a doubling in volume 
between diploid and tetraploid structures, such as cells, tissues, and organs.  Tetraploid 
structures, although larger, contained similar numbers of parts and appeared to have no 
deformities (Randolph et al., 1944).  Chase (1964) hypothesized that maize haploids would also 
exhibit a decrease in volume in similar proportions without deformities.  However, he found that 
haploids were smaller than expected, but also contained fewer parts (both in the order of 
approximately 11% under theoretical expectations).  To explain these results, Guo et al. (1996) 
studied transcription levels and expression differences amongst a maize ploidy series of 
monoploid, diploid, triploid, and tetraploids counterparts.  This study found that most genes were 
expressed at levels equivalent to a per genome basis, as expected.  Some genes, however, 
showed comparable expression between diploids and tetraploids, with a significant increase in 
monoploids and triploids.  Although the reasons for this are unclear, it has been termed the odd-
ploidy effect phenomenon (Guo et al., 1996).  These past findings explain how differentiation of 
haploids and diploids is possible based on PRL.   
Overall, using PRL to discriminate haploids from diploids has been shown to be a viable 
and practical selection method when incorporating EC into DH programs.  The selection 
methods derived here offer methods similar, if not superior performance, as compared to 
traditional R1-nj or oil content-based selection.  Studies by Chaikam et al. (2017) found 
complementary results in radicle length of haploid seedlings and showed that pairing R1-nj 
selection with observations of certain traits such as radicle length, coleoptile length, number of 
lateral seminal roots, and presence of root hairs reduced FPR to 9.4%, which was a 3.5-fold 
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improvement when compared to R1-nj selection alone.  The selection methods suggested in this 
research also illustrate a selection method comparable to, if not improved upon, the most 
common method of haploid selection (R1-nj).  Past experiments have achieved average FPR of 
25.2 - 40.7% and FNR of 12.7 – 51.7% using R1-nj selection (Chaikam et al., 2017; Melchinger 
et al., 2014).  Selection based on oil content is an improved, but less common, selection method 
which also produces inferior results as compared to selection methods suggested here.  Selection 
based on oil content achieve average FPR of 30.8% and FNR generally below 15% (Melchinger 
et al., 2014).  In addition, there are some genotypes, such as those that contain allele C1-l, that 
will inhibit the accumulation of anthocyanin which is responsible for the marker characteristics 
of R1-nj (Paz-Ares et al., 1990).  There are in addition genotypes that naturally create dark 
purple colored kernels, which mask marker characteristics, making selection by R1-nj equally 
impossible.  Moreover, the use of any genetic-based marker, including R1-nj or oil content, 
require the introgression of these markers into the inducer genome prior to the implementation of 
these selection methods to DH programs.         
The plates or containers used for EC in this study were less than $2 each, easy to build, 
and are re-usable.  The most impactful benefits in adding EC to a DH program is the potential to 
decrease generation time by approximately 6 weeks and to increase the genome doubling rates as 
high as 90% (Barton et al., 2014).  High doubling rates would reduce resources needed for other 
steps of the DH procedure, such as the number of induction crosses, and number of haploids to 
be planted in the field.  Other benefits include more convenient and safer use of colchicine.  Not 
only is it safer to handle colchicine in a gel form (compared to a liquid in traditional methods), 
but the total amount of colchicine needed would be reduced.  The short exposure time required 
(up to 24 hours) allows for embryos to be placed into a single petri dish of shallow colchicine-
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containing media before being transferred to the large custom-built containers for root 
observation. In addition, there is also the benefit of reducing generation time by harvesting 
immature embryos rather than waiting for seed maturation.                   
Performance evaluation of each selection method (reported AUC and J-statistic, 
respectively) resulted in the following ranking from best to worst: (1) day 3 SVM analysis (0.90, 
0.72), (2) day 4 PRL after adjustment for germination (0.89, 0.62), (3) days 1-9 GR after 
adjustment for germination (0.81, 0.59), (4) day 9 without adjustment for germination (0.81, 
0.49), and (5) day 4 PRL without adjustment for germination (0.77, 0.53).  When haploids 
represent 10% of the population, the SVM selection method captured 98% of all haploids, while 
the rate of incorrectly classified hybrids was much lower (9%) than for the other methods (up to 
27%).  Moreover, when haploids represent 20% of the population, the SVM method still 
represents the best selection method.  Compared to standard methods of haploid selection, the 
SVM selection method improves on both FPR (16% for R1-nj and 22% for oil-content) and FNR 
(11% for R1-nj and 13% for oil-content) (Chaikam et al., 2017; Melchinger et al., 2014).     
The only draw-back to the SVM selection method is the necessity to measure PRL for the 
first 3 days.  Since these days need to be adjusted for germination date of each individual sample, 
it is a method that would be more difficult to incorporate into a high-throughput protocol.  For a 
more stream-lined protocol that retains early differentiation, implementing selection on day 4 
based on PRL that is not adjusted for germination may be the best option.  This method only 
requires a single PRL measurement and can be accomplished on the same day for all samples, 
regardless of germination.  The accuracy of selection is compromised, yet surprisingly is still 
slightly better than standard selection methods.  Compared to standard methods of haploid 
selection, the SVM selection method improves on both FPR (2% for R1-nj and 8% for oil-
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content) and FNR (10% for R1-nj and 12% for oil-content) (Chaikam et al., 2017; Melchinger et 
al., 2014).     
It should be noted that the measurement of total root length instead of, or in addition to, 
PRL may result in a more efficient selection of haploids.  Most of the variability in root 
development was observed in diploids, because some diploids allocated energy to growing 
secondary roots instead of the primary root in later days.  Using the software ARIA (Pace et al., 
2014), which can measure up to 27 different root traits, including PRL and total root length, may 
be useful to resolve this issue.  If the selection process is based on total root length, the 
assumption would be that diploids are in general more vigorous and grow longer roots, 
regardless of whether they are the primary or secondary roots.  Additionally, it is well 
documented that higher levels of colchicine exposure can stunt seedlings, however, the effect 
may be equally observed among haploids and diploids, meaning the relative differences in PRL 
are maintained.  Other challenges with incorporating this method into a DH program will be 
testing the effects of colchicine on root development, and evaluation of additional genotypes.  It 
would be important to study a broad range of genetic backgrounds to observe the potential 
dependency on genotype.   
Materials and Methods 
Plant materials  
Both haploid and diploid embryos were produced by crossing RWS/RWK-76 (Röber et 
al., 2005) with two inbred genotypes, Wf9 (Ames 19293; Abel et al., 1995; Flint-Garcia et al., 
2005) and PHZ51 (PI 601322), in Ames, IA during the summer of 2015.  Four pollination dates 
were staggered about one week apart and considered as four independent experiments.  Five to 
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six pollinations were made at each date to account for poor pollinations or poor seed set.  The 
four best ears for each inbred were harvested after 539-609 growing degree days, which equated 
to 28-33 DAP.  Although the harvest date is preferred to be 10-12 DAP to shorten the generation 
time as much as possible, the harvest date for this study was delayed allowing for selection based 
on the R1-nj marker.  This selection was necessary to ensure isolation of a sufficient number of 
haploids, given their low frequency.  Eight embryos of both haploids and diploids were isolated 
from each ear for each independent experiment.  This resulted in a total of 256 embryos isolated 
and analyzed for each inbred.  
Designing and building custom plates  
In order to acquire repetitive 2-D images of roots during EC over the course of 
development, a specialized container was custom designed and built for this study.  Materials to 
build the containers included PETG plastic sheets (0.3 m by 0.3 m by 4 mm from McMaster-
CARR®, IL, USA), PVC foam double-sided tape with acrylic adhesive (1.6 mm thickness from 
McMaster-CARR®, IL, USA) and binder clips (12.7 mm), which were inexpensive, simple to 
acquire, and reusable.  An essential characteristic of these containers was that they were very 
thin (3.2 mm) to discourage roots from overlapping or growing in a 3-dimensional space.   
To build the plates, several PETG plastic sheets were cut into 6 mm wide strips.  These 
strips were attached on three out of four edges of a full plastic sheet, using double-sided tape.  A 
flexible sealant, such as putty or dough, was used along the fourth edge of the plate to create a 
basin to pour media.  Strips were attached vertically with double-sided tape within this basin to 
separate each well, and further define the growing space for each embryo.  Once medium was 
poured and solidified, the flexible sealant was removed, embryos were arranged in each well, 
50 
 
 
 
another PETG plastic sheet was clamped to the plate with binder clips, and the plate was set 
vertically upright inside a growth chamber (Figure 5).   
Embryo culture procedure 
Embryos were directly disinfected by submerging them in 10% (v/v) commercial bleach 
for several seconds, followed by a washing step in sterile, distilled water for several minutes 
before placement on growth media.  The growth medium used was a 6% gel at a 3:1 
phytagel:agar ratio, and main components included full strength Murashige and Skoog (1962) 
salts, 2% sucrose, and other vitamins such as myo-inositol (100 mg/L), nicotinic acid (0.4 mg/L), 
and thiamine HCl (0.2 mg/L), at a pH between 5.7-5.8.   
The containers used in this study were prepared by sterilizing them in 30% (v/v) 
commercial bleach for 15 min, followed by two washes in sterile distilled water for 5 min each.  
Containers were dried completely for several hours in a fume hood under sterile conditions.  
After they were dry, MS gel media was poured into the thin PETG basin of each plate and 
allowed to solidify.  Once the gel was solidified, embryos were set into the gel by slightly 
applying pressure until the embryos were level with the gel surface.  Four embryos were set in 
each container.  Embryos were left in a dark environment at 25ᵒC for the first 24 hours, followed 
by 16/8 hours light/dark environment at 25ᵒC.  Each seedling was photographed every 24 hours 
for up to 12 days.  When the containers were no longer needed for imaging, they were 
disassembled, sanitized, and re-used for the next experiment.  DNA was extracted from each 
seedling before disposal.  Public SSR marker p-umc2390, located in chromosomal bin 1.04, was 
used to confirm samples were truly haploid or diploid. 
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Data acquisition and extraction of image-derived PRL measurements  
Each container, with four seedlings each, was photographed every 24 hours for up to 12 
days.  The camera used was a Panasonic Lumix DMC-TZ5 with a resolution of 460,000 total 
pixels.  In each imaging session both camera and plate rack were placed in the same position.  A 
shadow box placed between the camera and the container minimized reflections since the images 
were taken through the PETG.  A fixed setup of the imaging platform allowed for high 
throughput imaging, as only one image needed to include a ruler for scaling purposes.  ImageJ 
(Schneider et al., 2012) was used to extract the primary root length (PRL) for each root by 
measuring the number of pixels, which was later converted to cm based on the scaling object.  
The software ARIA (Automatic Root Image Analysis; Pace et al. 2014) was not used because 
water droplets and glares reduced image quality.   
Analyses were performed with PRL measurements (a) based on the period between start 
of EC and variable end dates (Method A), (b) for the period between the first day of visible root 
growth and variable end dates, in order to adjust for germination differences (Method B), (c) for 
growth rate (GR) based on data from Method B over the first 9 days (Method C), and by support 
vector machine (SVM) learning.  Since some embryos did not germinate until after 3-4 days, 
time periods considered for Method B were maximally 9 days long.  GR was measured by taking 
PRL measurements and fitting a linear regression for these data points.  The slope of the 
regression line of each sample was used in the statistical analysis. 
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Statistical analyses and selection method analyses 
The statistical software package SAS 9.4 (SAS Institute Inc.) and the function PROC 
MIXED was used to analyze PRL data by days after germination and by GR, as well as 
germination date.  The following model was used for variance analysis:  
yijk = µ + Ei + Gj + (E*G)ij + Pk + (E*P)ik + (G*P)jk + ɛijk 
where yijk represents the observation of the ijk
th experimental unit.  Main effects are represented 
by Ei or the i
th experiment, Gj or the i
th genotype, and Pk or the k
th ploidy level.  The function 
PROC MIXED was used for analysis of type 3 sums of squares.  The function PROC CORR was 
used to compare separately haploid and diploid PRL measurements between all days after 
germination.  
Receiver operating characteristic (ROC) curves were derived using PROC LOGISTIC 
and were used for analysis of selection method performance.  The method with the highest area 
under the curve (AUC) was designated as the preferred selection method (DeLong et al., 1988).  
Output results were used to compute the Youden’s J statistic, as follows: 
J = [TP/(TP+FN)] + [TN/(TN+FP)] -1 
where TP and TN indicate true positives and true negatives, respectively.  Likewise, FP and FN 
indicate false positives and false negatives, respectively.   The J statistic ranges from 0 to 1 with 
0 being a non-informative and 1 a perfect test.  Youden’s index was used to derive the optimal 
threshold for selection (maximum J statistic).  Samples with values below this threshold are 
predicted to be haploids.  Youden’s index is based on equal weights to FP and FN results, and it 
does not consider the prevalence of haploids (P).  Current haploid inducer lines have about 10% 
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induction rates (Liu et al. 2016), future inducers are likely to have induction rates of 20% or 
beyond.  Therefore, two scenarios were computed where P=10% and P=20%, and in both cases a 
heavier weight was placed on FN results, thereby capturing as many haploids as possible without 
overly compromising precision.  For these scenarios, optimum criterion thresholds were 
determined by finding the point of intersection between the ROC curve and a line in which the 
slope is calculated by considering the ratio of costs of false results as well as the prevalence of 
haploids (Zweig and Campbell, 1993).  The slope of this line is calculated as follows:     
m = (FPc/FNc)*((1-P)/P) 
where m is the slope of the threshold-determining line, FPc and FNc denote the costs of false 
positives and false negatives, respectively, and P represents haploid prevalence.  In both cases (P 
= 10% or 20%), the ratio of negative results was 1/5, placing more weight on false negative 
results.   
Sensitivity and specificity are properties of the selection method and were used in 
determining false positive rates (FPR) and false negative rates (FNR) when considering 
application of the optimal criterion threshold determined by Youden’s J statistic.  For the 
application of optimal criterion thresholds in both scenarios, the FPRP and FNRP were calculated 
as follows:  
FPRP = (1-SPC)*(1-P) = FPR*(1-P) 
FNRP = (1-SNS)*(P) = FNR*P 
where FPRP and FNRP are false positive and false negative rates given a particular haploid 
prevalence (P).  Terms SPC and SNS refer to specificity and sensitivity for the selection method 
of choice.       
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Machine learning approach 
Analysis by support vector machine (SVM) learning based classification involved a 
training and a validation step.  For the training step, 75% of the haploids and 75% of the diploids 
(determined by R1-nj selection and DNA analysis) were randomly selected from the dataset and 
used to develop the best classifier.  A function, which is a linear combination of the root traits, 
was developed for a classifier allowing for the maximal margin separating haploids from 
diploids.  Specifically, traits were the PRL for a given day (i.e., PRL for day 3), all PRLs for 
days prior to a given day (i.e., PRLs for days 1-2), and daily growth rates (i.e., daily growth rates 
= PRL for day 3 – PRL for day 2).     
The SVM based classification used in this research utilized a radial basis function 
classifier.  Radial basis function is a kernel function that transformed the data (root traits) and 
allowed for linear separation between groups of interest.  The equation for the radial basis 
function is: 
𝑓(xi)=exp(−||xi−xj||2/(2𝜎2)) 
where xi and xj are vectors that contain traits related to the support vectors and the normalized 
root traits of interest, respectively.  The denominator or sigma parameter is the original kernel 
scale.   
Samples were then classified for ploidy by inserting the above-mentioned 𝑓(xi) 
expression into a separate function resulting in the classifying output (Y).  Geometrically, the 
function represents a hyperplane that separates haploids and diploids. Negative outcomes would 
result in a classification of haploid, whereas positive outcomes would result in a classification of 
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diploid, with more negative values indicating a higher likelihood samples are truly haploid.  The 
function to produce classifying output values is: 
Y = w0 + ∑ wi f(xi) 
where w0 is the kernel scale bias term and wi are the weights related to the support vectors.  In the 
validation step, classifiers were used to identity haploids in the remaining 25% of the data.   
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Tables and figures 
 
Table 1:  Analysis of PRL by days after germination, growth rate (GR), and germination date 
(Germ).  Reported values are p-values and significance was considered at P =0.05. 
Effect Day 1 Day 2 Day 3 Day 4 Day 5 
Experiment (E) <.0001** <.0001** <.0001** <.0001** <.0001** 
Genotype (G) 0.0011** 0.0019** 0.0004** 0.0027** 0.0177* 
E*G 0.0641 0.9174 0.8344 0.6881 0.8542 
Ploidy (P) 0.0004** <.0001** <.0001** <.0001** <.0001** 
E*P 0.0677 0.697 0.3887 0.8964 0.3199 
G*P 0.7287 0.0512* 0.0454* 0.259 0.3487 
       
Effect Day 6 Day 7 Day 8  Day 9 GR Germ 
Experiment (E) <.0001** <.0001** <.0001** <.0001** <.0001** <.0001** 
Genotype (G) 0.2576 0.3939 0.972 0.4061 0.2786 0.3930 
E*G 0.6608 0.7615 0.2585 0.1754 0.8348 0.5913 
Ploidy (P) <.0001** <.0001** <.0001** <.0001** <.0001** 0.3531 
E*P 0.0576 0.0501* 0.0085** 0.0022** 0.0002** 0.3939 
G*P 0.3576 0.2959 0.2508 0.1934 0.2197 0.0830 
 
*   Significant at the 0.05 probability level.  
** Significant at the 0.01 probability level. 
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Table 2:  Average PRL (cm) and growth rates (GR, cm/day) with standard errors for haploids 
and diploids across and within genotypes.   Days have been adjusted for germination date. 
Group Day 2 ± Day 4 ± Day 6 ± Day 8 ± GR ± 
Diploid 2.79 0.06 7.09 0.08 10.92 0.14 13.67 0.21 1.77 0.03 
Haploid 1.88 0.07 4.24 0.09 6.12 0.15 7.64 0.24 0.94 0.03 
WF9 Diploid 3.01 0.09 7.34 0.12 11.14 0.21 13.86 0.30 1.78 0.05 
WF9 Haploid 1.95 0.09 4.35 0.12 6.13 0.21 7.46 0.32 0.89 0.05 
PHZ51 Diploid 2.57 0.08 6.84 0.11 10.70 0.20 13.48 0.30 1.77 0.04 
PHZ51 Haploid 1.82 0.10 4.12 0.13 6.08 0.22 7.82 0.35 1.00 0.05 
 
 
Table 3: Correlations of haploid PRL between different days (adjusted for germination).  Values 
above diagonal are Pearson correlation coefficients, and below diagonal are p-values for 
significance.   
 
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 
Day 1 
 
0.72 0.57 0.38 0.32 0.25 0.11 -0.08 -0.11 
Day 2 <.0001 
 
0.88 0.72 0.63 0.54 0.44 0.32 0.25 
Day 3 <.0001 <.0001 
 
0.91 0.85 0.78 0.71 0.63 0.58 
Day 4 <.0001 <.0001 <.0001 
 
0.96 0.91 0.86 0.81 0.75 
Day 5 0.0001 <.0001 <.0001 <.0001 
 
0.97 0.94 0.90 0.86 
Day 6 0.0038 <.0001 <.0001 <.0001 <.0001 
 
0.98 0.96 0.93 
Day 7 0.2065 <.0001 <.0001 <.0001 <.0001 <.0001 
 
0.99 0.97 
Day 8 0.4525 0.0001 <.0001 <.0001 <.0001 <.0001 <.0001 
 
0.99 
Day 9 0.3209 0.0048 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 
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Table 4: Correlations of diploid PRL between different days (adjusted for germination).  Values 
above diagonal are Pearson correlation coefficients, and below diagonal are p-values for 
significance.   
 
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 
Day 1 
 
0.81 0.59 0.44 0.32 0.21 0.15 0.13 0.16 
Day 2 <.0001 
 
0.88 0.73 0.60 0.49 0.43 0.38 0.36 
Day 3 <.0001 <.0001 
 
0.89 0.79 0.72 0.67 0.61 0.61 
Day 4 <.0001 <.0001 <.0001 
 
0.93 0.87 0.81 0.76 0.73 
Day 5 <.0001 <.0001 <.0001 <.0001 
 
0.96 0.90 0.87 0.84 
Day 6 0.0108 <.0001 <.0001 <.0001 <.0001 
 
0.96 0.94 0.92 
Day 7 0.0702 <.0001 <.0001 <.0001 <.0001 <.0001 
 
0.98 0.96 
Day 8 0.1697 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 
 
0.98 
Day 9 0.1292 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 
 
 
 
Table 5:  Summary of selection method performances, ordered from worst to best.  A star (*) 
indicates that days have been adjusted for germination date.  
 
 
 
 
 
 
 
 
 
Method of 
Selection AUC J-Stat 
FNR10 
(%) 
FPR10 
(%) 
FNR20 
(%) 
FPR20  
(%) 
Day 4 PRL 0.77 0.53 3 23 2 29 
Day 9 PRL 0.81 0.49 6 7 1 37 
Days 1-9* GR 0.81 0.59 1 27 2 25 
Day 4* PRL 0.89 0.62 3 11 3 18 
Day 3* SVM 0.90 0.72 2 9 3 11 
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Figure 1:  Distribution plots for PRL of diploids and haploids over the first 9 days of growth 
(after adjustment for germination date).  Solid horizontal bars indicate the mean of each group. 
 
 
Figure 2:  Distribution plots for growth rate over 9 days (after adjustment for germination date) 
of diploids and haploids.  Dashed lines indicate the mean for each group.   
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Figure 3:  Photos of roots over the first 9 days of growth after germination.  a) Percent 
differences ([(diploid PRL – haploid PRL)/haploid PRL]*100) between average haploid and 
diploid PRL measurements steadily increases until days 5-6 when it plateaus.   b) Samples are 
representative of average haploids (Sample 1, WF9 haploid), or display the variety seen among 
diploids (Samples 2-3, WF9 diploids).  The GR for PRL ceases at approximately Day 5 for 
sample 2, whereas the GR for PRL continues through all 9 days for sample 3.  
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Figure 4: FNR and FPR in relation to criterion values of several methods of selection, from worst 
to best performance, a) PRL on day 9 after setup, b) GR of PRL over days 1-9 after germination, 
c) PRL on day 4 after germination, and d) SVM analysis on day 3 after germination.   
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Figure 5: Steps of EC using the custom-designed PETG plates.  A flexible sealant or alternative 
barrier along the top edge (a) creates an enclosed basin to pour media (b).  Once media is 
solidified, the barrier can be removed (c) and the plate is ready for embryo isolation (d) and 
placement (e).  PETG sheeting is used to cover the setup (f) and clamped into place so it can be 
set vertically for root growth (g-h).   
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CHAPTER FOUR 
OPTIMIZATION OF COLCHICINE INDUCED CHROMOSOME DOUBLING IN 
MAIZE HAPLOID EMBRYOS VIA EMBRYO CULTURE 
Kimberly Vanous, Ursula K. Frei, Thomas Lübberstedt 
KV designed the experiments, conducted experiments, collected data, analyzed data, and was 
primary author of the manuscript. 
UKF helped with experiment design, preparation, and growing haploids in the field setting. 
TL was PI of KV and provided experience/advice and aided in manuscript preparation.  
Abstract 
Embryo culture (EC) is a tissue culture technique often used in combination with 
traditional maize doubled haploid (DH) programs and can offer benefits such as decreased 
generation time and increased chromosome doubling rates.  Currently, there are few publications 
outlining appropriate conditions for this procedure, such as optimal concentrations of colchicine 
or the duration of colchicine exposure.  Literature regarding anther culture imply tissue culture 
techniques tend to induce high spontaneous haploid genome doubling (SHGD) rates, and suggest 
the use of colchicine, a carcinogen, may not be necessary.  The objectives of this study were (1) 
to explore the potential of increased SHGD rates in other tissue culture techniques, such as EC, 
(2) determining the efficacy of colchicine during EC, and (3) if colchicine is found to increase 
doubling rates, determine the optimal concentration to reach the highest doubling rates.  Two 
inbred lines, PHB47 and PHZ51, were induced to produce haploids for isolation and observation 
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via EC.  Treatments included exposure to a control (water) and three colchicine levels: 0.01%, 
0.07%, and 0.13% for 24hrs.  There was a significant increase in doubling rates and plant vigor 
with the use of colchicine as compared to control treatments, but there were no significant 
differences between non-zero colchicine concentrations.  The optimal colchicine concentration 
was found to be the lowest level tested, 0.01%, as higher levels of colchicine showed significant 
stunting, callusing, and lack of germination among both genotypes.  PHZ51 showed a higher 
response to colchicine treatment than PHB47, suggesting the effects of doubling with colchicine 
is genotype dependent.  With the use of colchicine, doubling rates increased 49-63% with PHZ51 
to reach doubling rates of 56-87%, whereas doubling rates increased 17-24% with PHB47 to 
reach doubling rates of 85-97%.   The lower response of PHB47 may, however, be partially due 
to the higher SHGD rates of 61-80%, compared to 7-24% for PHZ51.  High SHGD rates indicate 
some phenomena such as endoreduplication may be possible and could be influenced by the 
exogenous stressors that coincide with tissue culture techniques.  We conclude that SHGD rates 
via EC are substantially higher than traditional methods of DH production and may not even 
require the use of colchicine in some genotypes, although the use of low levels of colchicine 
increase doubling rates further.      
Introduction 
Doubled haploid (DH) maize lines are created when haploid cells undergo genome 
doubling to create a completely homozygous genotype.  Typically, maternal in vivo induction 
crosses are used to create haploid kernels, which are then selected and grown out for doubling 
treatment.  DH plants are then self-pollinated to create DH lines.  Genome doubling of haploids 
has been chemically induced in seedlings since the late 1930’s with colchicine becoming the 
standard antimitotic agent of choice (Dustin et al., 1937; Dermen, 1940).  The procedure 
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typically involves exposing seedlings to colchicine either by submersion or injection.  Vanous et 
al. (2017) report an average doubling rate of 20 to 25% using these approaches.  Because DH 
systems can develop maize inbred lines 3-4 generations sooner than alternative methods, DH 
systems have been widely adopted into maize breeding programs and are a major contributor to 
maize inbred line development.    
Anther culture, although not commonly adopted in maize breeding programs due to 
genotypic dependence on responsiveness, is another technique that can be utilized to create DH 
lines.  Tissue culture techniques are advantageous, because the occurrence of spontaneous 
haploid genome doubling (SHGD) can be efficient enough to eliminate the use of colchicine 
(Sood and Dwivedi, 2015).   Although the mechanism is unclear and not well-documented, it has 
been proposed that pretreatment conditions, usually consisting of a week of cold treatment, may 
induce SHGD.  Higher doubling rates suggest that it is far from “spontaneous” but instead is 
influenced by the nature and duration of the pretreatment (Henry, 1998; Kasha, 2005), as well as 
the genotype (Sood and Dwivedi, 2015; Antoine-Michard and Beckert, 1997).  Hypotheses for 
this phenomenon include endomitosis, endoreduplication, or nuclear fusion between vegetative 
and generative nuclei, with endoreduplication being the most documented mechanism (Barnabas, 
1999; Sood and Dwivedi, 2015).   Endoreduplication, a form of nuclear polyploidization, can be 
employed by certain tissues that undergo stressful conditions to increase gene expression and 
maintain growth (Larkins et al., 2001; Lee, et al., 2009).   Antonine-Michard and Beckert (1997) 
studied the responses of varying genotypes during anther culture and were particularly interested 
in SHGD rates compared to doubling rates after colchicine exposure.  This study found that 
SHGD ranged from 13-42% among a broad range of genotypes, and colchicine exposure 
increased this doubling rate even further. 
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These findings correspond with a recent patent that suggests the use of EC, another use of 
tissue culture, increases doubling rates as high as 90% when incorporated into a DH program 
(Barton et al., 2014).  Embryo culture is an in vitro technique used to germinate immature 
embryos by providing an artificial medium to substitute the nutrients that the endosperm would 
have otherwise supplied (Bridgen, 1994).  Although the recent patent suggests the use of 
colchicine to reach the highest rates of chromosome doubling, perhaps the significant increases 
in doubling as compared to traditional DH methods is, similarly to anther culture, enhanced due 
to endoreduplication and the stress involved with tissue culture.  In addition, this patent suggests 
wide ranges for guidelines regarding colchicine use:  0.01-0.2% colchicine exposure for < 24 
hours up to about a week (Barton et al., 2014).   
The objectives of this study were (1) to explore the potential of increased SHGD rates in 
tissue culture techniques such as EC, (2) to determine the efficacy of colchicine during EC, and 
(3) to determine the optimal concentration to reach the highest doubling rates, if colchicine is 
found to increase doubling rates.   
Materials and Methods 
Plant materials  
Two inbred lines, PHZ51 and PHB47 were used as donor genotypes for this experiment.  
Parent lines, including these inbreds and the inducer line, RWS/RWK-76 (Röber et al., 2005), 
were grown late February through early March 2017 in the greenhouse.  Plantings took place 
each week in sets of 36 seeds per inbred line, eventually leading to three independent 
experiments differing by pollination dates.  Pollinations, using bulked inducer pollen, were 
completed whenever there were at least 10 plants receptive for pollination per genotype.        
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Embryo culture procedure 
Harvested ears were immediately brought to the laboratory for embryo isolation.  Ears 
were sterilized by submerging them in 10% (v/v) commercial bleach for 30 min, followed by two 
washes in sterile, distilled water for several minutes before embryo isolation.  All work was done 
under sterile conditions, and all embryos (both haploid and diploid) were isolated since there was 
no selection mechanism at this stage.  Among the three harvest dates, there was a total of 3776 
embryos isolated (2470 embryos for PHB47 and 1306 embryos for PHZ51), equally distributed 
among the four treatment groups.  The growth media used was a 0.8% agar gel, and main 
components were Murashige and Skoog (1962) salts as well as 2% sucrose, at a pH between 5.7-
5.8.  Embryos were randomly added to media containing four different colchicine 
concentrations: 0% (control), 0.01%, 0.07%, and 0.13%.  Embryos were exposed to colchicine 
overnight in a dark chamber kept at 25ºC.  After 24h they were transferred to non-colchicine 
media but remained in the dark chamber at 25ºC for six days, after which they were moved to a 
chamber at 16h light (75 µmoles/m2/s) and 8h dark daily cycles, at 25ºC for another seven days.  
Plantlets were then transplanted to soil but remained in this chamber.  During transplanting, 
selection of haploids was attempted based on the pl1 marker gene, which gives hybrid roots a 
red/purple coloration (paternal gene from inducer).  Once plantlets recovered from transplanting 
after approximately seven days, they were moved to the greenhouse. A low dose fertilizer 
(150ppm N, Peters Excel) was applied every other day.  After approximately two weeks, plants 
were transplanted to the field.  After approximately a month of growing in the field, putative 
hybrid escapes during our p1l selection procedure were identified based on stalk color and vigor.  
Since seedlings were planted at low density, hybrids matured along-side haploids.  Hybrids 
became even more obvious once tassels emerged, with hybrids displaying red or purple anthers. 
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DNA testing was, therefore, not necessary to determine ploidy.  Self-pollinations were attempted 
for all haploids. 
Scoring doubling, fertility restoration, and plant vigor 
Haploids were all blindly scored, with no knowledge of treatment group to eliminate bias, 
in the field for male and female fertility.  Male fertility was recorded based on the presence or 
absence of pollen shedding (pollen presence, PP), as well as the percentage of tassel branches 
that shed pollen (pollen abundance, PA).  Female fertility was recorded based on the presence or 
absence of silks (silk presence, SP).  From those that had been pollinated, ears were observed for 
seed set and kernel color.  Pollinations that produced one or more color-less kernels, or those 
lacking red or purple color, were considered successful self-pollinations (SS).  Although color 
alone would not completely rule out accidental contamination, it was assumed this erroneous 
occurrence was minimal.  Additional field notes involved plant height (PH), which was an 
indirect way to record plant vigor.  PH was measured as the length from the soil to the tip of the 
primary tassel branch.  
Statistical analysis 
Due to the unexpectedly high mortality rate during the EC process, the number of 
samples per replication was too low for adequate degrees of freedom to allow for the anticipated 
form of analysis.  Out of 3776 embryos distributed through each colchicine treatment group, 
1095 did not germinate.  From the remaining plantlets, 55% were thrown out during selection, 
prior to transplanting from media to soil.  Another 35% and 14% were lost due to the stress from 
transplanting from media to soil and from pots to the field, respectively.  Therefore, all 
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replications were combined and analyzed as a completely randomized design.  Data were 
analyzed on SAS 9. 4 (Copyright © 2014 SAS Institute Inc.) using PROC GLIMMIX.           
Results 
Vigor and fertility restoration 
Results show that there were significant differences in PH (P<0.0001), PA (P=0.0004), 
and PP (P=0.0032), when comparing all colchicine treatments including the no colchicine 
control.  However, no significant difference for PH (P=0.8473), PA (P=0.351), and PP 
(P=0.3865) was found, when comparing only non-zero colchicine treatments (Table 1).  For this 
reason, means were averaged between non-zero colchicine treatments and compared to the 
corresponding controls (Table 2).  On average, PH was 98.89 cm (±5.63 cm) with the control 
treatment and increased to 135.09 cm (±3.45 cm) with colchicine exposure.  PA and PP averaged 
34.28% (±6.72%) and 51.90% (±8.65%) without colchicine exposure and increased to 69.38% 
(±4.21%) and 92.62% (±5.34) with colchicine exposure.  There were no significant differences 
in SP between any treatments and averaged 90% (±4.08-6.44%) among both control and 
colchicine treatments (Table 2, Figure 1). 
Successful production of DH lines 
There was an increase in SS with colchicine treatment and values were significantly 
different between all treatments (P=0.0056).  When comparing only non-zero colchicine 
treatments, however, significance was lost (P=0.1031).  The control treatment averaged 22.38% 
(±10.36%) for SS and increased to 58.33% (±6.77%) with colchicine exposure (Table 2, Figure 
1).  
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Genotypic Response 
Results also show that there are significant differences between genotypes for certain 
traits, such as PH (all treatments, P=0.0002; non-zero treatments, P=0.0017) and PA (all 
treatments, P=0.0003; non-zero treatments, P=0.0199).  No other traits were significantly 
different between genotypes.  Between the two genotypes tested here, higher values for all traits 
except SP were consistently seen with PHB47 whether there was colchicine exposure or not 
(Table 3, Figure 2).  Although PHB47 showed the highest male fertility restoration values with 
colchicine exposure, PHZ51 showed the greatest response to colchicine when compared to the 
respective control treatment.  For instance, PA increased 24% for PHB47 with the use of 
colchicine whereas PHZ51 increased 48.5%.  Similar trends were seen with PH, PP, and SS 
where PHB47 increased 43.4%, 17.2%, and 36.6%, respectively, whereas PHZ51 increased 
26.8%, 62.9%, and 46.4%, respectively.     
Spontaneous doubling rates 
There were high spontaneous fertility restoration values seen for both genotypes, but 
especially for PHB47 (Table 3).  PHB47 control values were consistently high for PA, PP, and 
SS at 61.2%, 80%, and 40%, respectively.  In comparison, PHZ51 controls values for the same 
traits were 7.4%, 23.8%, and 4.8% respectively. 
Colchicine negative effects 
Although differences in doubling responses did not significantly differ among non-zero 
colchicine concentrations, the negative effects of colchicine exposure, such as stunting, 
callousing, and lack of germination were noticed with higher concentrations.  Callousing was 
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especially common among the highest colchicine level of 0.13% resulting in very low survival 
rates.  On average, germination rates went from 90-95% with 0-0.01% colchicine down to 65% 
and 42% with 0.07% colchicine and 0.13% colchicine, respectively (Table 4).  In addition, 25-
45% of seedlings died during the stress of transplanting from growth media to soil, and another 
11-20% died during the stress of transplanting from pots to the field.  This equates to a very low 
number of samples observed, especially for higher levels of colchicine.       
Discussion 
Our results indicate that the addition of colchicine to the growth media has significant 
effect on doubling rates.  There is no indication, however, that there is one optimal 
concentration, since there were no significant differences between non-zero colchicine 
treatments.  These findings are consistent with other tissue culture studies which observed that 
the addition of low concentrations of colchicine would result in similar outcomes as compared to 
very high concentrations (Wan et al., 1989).  Although an optimal colchicine concentration was 
not identified, lack of germination at higher levels of colchicine should be considered.  Our 
findings show that colchicine concentrations of 0.01% had little effect on germination compared 
to the control, but germination was severely decreased with the increase in colchicine.  For this 
reason, it is best to use lower levels of colchicine, such as 0.01%.  An alternative would be to 
expose embryos to higher concentrations for <24 hrs. Although varying exposure durations were 
not attempted in this study, similar findings from anther culture experiments show that exposure 
times should be up to 7 days for lower colchicine concentrations but should only be 1-3 days for 
higher concentrations (Saisingtong et al., 1996). 
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Results indicate that there is a genetic effect determining how embryos may respond to 
colchicine exposure.  PHZ51 displayed a higher response to colchicine exposure.  Only two 
genotypes were studied here, however, and there may be an even greater response or lack of 
response with a broader range of genotypes.  Additional studies will be needed; however, these 
responses are consistent to those reported with anther culture techniques.     
PHB47 had an unusually high SHGD rates in the control treatment which resulted in a 
lower colchicine response when compared to PHZ51.  PHZ51 showed elevated rates for the 
control treatment at 7-24%, which is lower than PHB47 controls, but is still higher than 
expected.  Therefore, there is evidence that some phenomena such as endoreducplication is 
occurring, which is a process of natural DNA duplication when the plant is exposed to stress.  
Although there was no pretreatment or cold phase endured by embryos, exogenous stressors, 
such as drought or high temperature fluctuations, during the EC technique and transplanting may 
have induced this response (Sood and Dwivedi, 2015; Larkins et al., 2001).  Levels for PHB47 
were found to be so high, in fact, that the use of colchicine would not be needed for utilization in 
a breeding program.  Levels for PHZ51 controls are within ranges reported for anther culture 
experiments, and colchicine would have a significant effect making it beneficial in this genetic 
background (Antonine-Michard and Beckert, 1997). 
This study shows that although there are no significant differences between varying 
colchicine concentrations, there was a significant doubling response with the use of colchicine as 
compared to control treatments.  It is suggested however, to use the lowest colchicine level of 
0.01% during EC because higher levels of colchicine showed significant stunting, callusing, and 
lack of germination.  Results also show that doubling responses are genotype dependent and that 
a broader range of genotypes should be studied in the future.  PHZ51 displayed a higher response 
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to colchicine as compared to the corresponding control treatments, but PHB47 displayed 
unusually high SHGD rates.  Even PHZ51 showed higher than expected rates for the control 
treatment, indicating some phenomena such as endoreduplication may have occurred and could 
be influenced by the exogenous stressors that coincide with tissue culture techniques.   
Future studies should incorporate: 1) a method to better differentiate between haploid and 
hybrid embryos, allowing for greater number of haploids per genotype to increase statistical 
power, 2) additional genotypes to determine wide range effects of EC, 3) multiple colchicine 
concentrations around 0.01%, and 4) multiple durations of colchicine exposure.  A potential 
method to better differentiate haploids from hybrids is presented in Chapter 2 of this thesis, 
where primary root lengths and general plant vigor are utilized.  Additional studies should 
observe root lengths after exposure to colchicine to add to the validity of this method.  
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Tables and figures  
Table 1:  P-values comparing all colchicine concentrations, as well as comparing only non-zero 
colchicine concentrations.   
Effect PH PA PP SP SS 
comparison of all treatments 
Genotype (G) 0.0002** 0.0003** 0.0698 0.3271 0.0548 
Colchicine (C) <0.0001** 0.0004** 0.0032* 0.459 0.0056** 
G*C 0.5165 0.1676 0.0654 0.1058 0.204 
comparison of only non-zero treatments 
Genotype (G) 0.0017** 0.0199* 0.1594 0.3608 0.2205 
Colchicine (C) 0.8473 0.351 0.3865 0.5501 0.1031 
G*C 0.878 0.597 0.3485 0.2629 0.214 
*   Significant at the 0.05 probability level.  
** Significant at the 0.01 probability level. 
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Table 2:  Means for all for all colchicine concentrations, as well as means for all non-zero 
(“Colchicine”) treatments.  Error rates are reported as standard error. 
Treatment 
(%) 
PH 
(cm) 
PA  
(%) 
PP 
(%) 
SP 
(%) 
SS 
(%) 
0 (Control) 98.89 34.28 51.90 90.00 22.38 
± 5.63 6.72 8.65 6.44 10.36 
0.01 136.75 65.28 92.50 89.17 55.83 
± 4.38 5.23 6.73 5.01 8.06 
0.07 130.95 81.43 83.33 100.00 35.71 
± 7.81 9.33 11.99 8.93 14.37 
0.13 135.00 64.95 100.00 75.00 100.00 
± 11.32 13.51 17.38 12.94 20.82 
Colchicine 135.09 69.38 92.62 90.12 58.33 
± 3.45 4.21 5.34 4.08 6.77 
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Table 3:  Means for colchicine and control treatments. Errors are reported as standard errors.  
Responses to colchicine treatment (Response = Treatment – Control) are also reported. 
Colchicine 
Treatment 
PH 
(cm) 
PA 
(%) 
PP 
(%) 
SP 
(%) 
SS 
(%) 
                                PHB47 
Treatment 152.58 85.23 97.22 97.22 76.59 
± 7.22 8.04 7.62 8.52 13.65 
Control 106.40 61.20 80.00 80.00 40.00 
± 10.12 12.09 15.54 11.57 18.62 
Response (%) 43.40 24.03 17.22 17.22 36.59 
                               PHZ51 
Treatment 115.89 55.88 86.67 78.89 51.11 
± 8.04 8.95 8.48 9.49 15.19 
Control 91.38 7.36 23.81 100.00 4.76 
± 4.94 5.90 7.58 5.65 9.09 
Response (%) 26.82 48.52 62.86 -21.11 46.35 
  
Table 4:  Germination rates (percentage of total isolated embryos that germinated) for different 
colchicine concentrations. Also reported are total haploid embryos that reached maturity in field 
and were observed for doubling traits.  
Colchicine 
Concentration 
(%) 
Germination  
  Rates (%) 
     Total Haploids 
Observed 
PHB47 PHZ51 Total PHB47 PHZ51 Total 
0 88.85 95.83 89.86 5 21 26 
0.01 95.8 95.77 95.8 8 19 27 
0.07 59.39 73.66 64.88 7 3 10 
0.13 43.36 39.45 41.88 2 2 4 
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Figure 1:  Means for colchicine and control treatments.  Error bars are standard errors. 
 
Figure 2:  Means for control treatments compared to colchicine treatments among both 
genotypes.  Error bars are standard errors. 
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CHAPTER FIVE 
RNAi KNOCKDOWN OF MYOSIN-11 IN MAIZE (ZEA MAYS) ENHANCES HAPLOID 
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Abstract 
Doubled haploid technology is highly utilized in current maize breeding programs.  
Without the ability of maize inducers to efficiently produce haploids for use in these programs, 
doubled haploid technology would not be economically feasible.  Therefore, understanding the 
genetic mechanisms involved in haploid induction is important for not only developing better 
maize inducers, but also to create inducers in other crops lacking such technology.  The main 
QTL regions involved in maize inducers are qhir1, which is essential for induction, and qhir8, 
which acts as an enhancer.  Recently, the major gene associated with qhir1 was discovered and 
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thoroughly studied, while the gene associated with qhir8 has yet to be recognized.  For this 
research, GRMZM2G435294 (MYO), a gene located in qhir8 and a strong candidate for this trait, 
was silenced with two constructs acting by RNAi.  Four out of five transgenic lines successfully 
silenced MYO.  These transgenic lines were analyzed for haploid induction rate (HIR) and male 
fertility.  Analysis of HIR revealed that the silencing of MYO significantly enhanced HIR by an 
average of 0.5% in the presence of qhir1.  Reciprocal crosses also revealed that the silencing of 
MYO causes a significant effect on male fertility.  Overall these results suggest that mutations of 
this gene in the inducer genotype are likely responsible for the enhancement of HIR in the 
presence of qhir1.  Moreover, results suggest that MYO is an essential element in male fertility, 
and it is unknown how this adverse effect may contribute to HIR.    
Introduction 
Doubled haploid (DH) lines are created when cells of haploid seedlings undergo genome 
doubling, resulting in completely homozygous diploid offspring after self-pollination.  DH 
technology serves as a shortcut for line development, as this procedure only takes two 
generations.  Most haploids utilized in maize breeding programs are created by in vivo maternal 
haploid induction, which involves crossing a haploid inducer genotype as male to donor 
genotypes.  Current inducers induce haploids at rates of >8% (Prigge et al., 2012; Liu et al., 
2016).    
Genetic mechanisms controlling haploid induction rate (HIR) in maize are not well 
understood.  Quantitative trait locus (QTL) mapping has located a major QTL on chromosome 1 
(Deimling et al., 1997; Barret et al., 2008).  The first comparative genome-wide QTL analysis 
involving inducers UH400 and CAUHOI confirmed that a major QTL, qhir1, is present on 
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chromosome 1 in bin 1.04, and another important QTL was found on chromosome 9 (qhir8) 
(Prigge et al., 2012), accounting for up to 20% of the genetic variation.  While qhir8 enhances 
HIR in the presence of qhir1, qhir1 is required for haploid induction (Prigge et al., 2012; Liu et 
al., 2015; Hu et al., 2016).  qhir1 consistently had a major effect on HIR and accounted for up to 
66% of the genotypic variance in crosses of UH400 with both 1680 (non-inducing inbred) and 
CAUHOI (Prigge et al., 2012).  Dong et al. (2013) conducted a fine mapping experiment of 
qhir1 using populations from crosses between UH400 and 1680, similar to those of Prigge et al. 
(2012), and were able to narrow the QTL to a 243 kb region.  Similarly, Liu et al. (2015) 
conducted a fine mapping experiment of qhir8 using crosses between UH400 and CAUHOI as a 
mapping population and narrowed qhir8 to a 789 kb region.  Additional regions on chromosome 
1 have been detected by Hu et al. (2016) with a novel genome wide association study (GWAS) 
approach detecting selective sweeps.  This recently discovered region, qhir12, is 3.97 Mb long 
and is downstream of the previously fine-mapped region for qhir1 (Hu et al., 2016; Dong et al., 
2013). 
More recently, different research groups independently identified the gene 
MATRILINEAL (MTL), which is underlying qhir1, and explains the high HIR within inducer 
lines (Kelliher et al., 2017; Gilles et al., 2017; Liu et al., 2017).  Fine-mapping identified MTL, a 
pollen-specific phospholipase, which was shown to contain a frame-shift mutation in inducer 
alleles.  Furthermore, knockdown lines using RNA interference (RNAi) and complete knockout 
lines using transcription activator-like effector nuclease (TALEN) for MTL were created, 
resulting in HIRs of 2.7% and 6.7%, respectively.  RNA-seq experiments were performed 
between inducer and non-inducer lines, resulting in a total of 60 differentially expressed genes, 
out of which 15 were co-expressed with MTL in inducer pollen.  Interestingly, one of these genes 
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is GRMZM2G435294 (MYO), located within the fine mapped qhir8 region (Liu et al. 2015). 
Therefore, MYO can be considered a strong candidate that may be responsible for the 
enhancement of HIR, when both qhir1 and qhir8 are present.   Additionally, the findings that 
MYO is co-expressed with MTL support the hypothesis that similar to MTL, a knockdown of 
MYO may result in enhanced haploid induction rates.   
MYO codes for a myosin-11 like protein which is suspected to have a specialized function 
in pollen tube growth.  Pollen tubes are vegetative cells which undergo rapid polarized growth to 
transport and deliver twin sperm cells.  This growth is driven by actin-based motor proteins, or 
myosins, that actively transport organelles and vesicles to the pollen tube tip.  Here, they fuse 
with the plasma membrane and allow for pollen tube enlargement, which is also referred to as 
cytoplasmic streaming (Shimmer, 2007).  Therefore, the knockdown of MYO is also 
hypothesized to have an impact on male fertility.  A complete knockout may thus result in male 
sterility.  Instead, reducing MYO functions may allow both male fertility and haploid induction.  
For these reasons, RNA interference (RNAi) is a reasonable option for testing the influence of 
MYO on haploid induction rate.       
Herein, we report results from transgenic experiments with altered MYO expression in 
defined genetic backgrounds with regard to presence or absence of qhir1. The specific objectives 
of this research were to 1) explore sequence differences within MYO between inducer and non-
inducer genotypes, 2) develop transgenic events that successfully silence MYO by RNAi, and 3) 
evaluate these events for HIR and other reproductive phenotypes, such as male fertility. 
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Results 
Sequence alignment 
MYO was confirmed as primary gene of interest because sequencing results revealed 
several polymorphic regions between inducer genotype RWS, and a non-inducer genotype, B73 
RefGen_v3 (Schnable et al., 2009).  There were five different single nucleotide polymorphisms 
(SNPs) scattered within exon 21. Four out of five SNPs were at the third degenerate position of 
the codon sequence, all leading to silent mutations.  A small insertion of three nucleotides 
(AGG) was inserted into the RWS sequence at the beginning of exon 21, causing addition of a 
Glycine.  Additionally, a large 60 bp deletion within exon 22 and 23 causes a deletion of 20 
amino acids.  These changes, however, are all within frame.  A deletion of 5 bp within exon 23 
causes a frameshift, resulting in 33 amino acid substitutions between B73 and RWS.  Following 
these amino acid changes, there is an introduction of an early stop codon (TAA).  The protein 
length is 1529 amino acids for B73, but with the introduction of the frameshift mutation and the 
subsequent early stop codon, the protein length is only 915 amino acids within RWS 
(Supplementary Figure 1), assuming the first exons are intact.       
Silencing efficiency 
Two RNAi constructs (MYO16 and MYO18) were transformed into a non-inducing 
genetic background to knock down MYO.  Five transgenic events, one from MYO16 and four 
from MYO18, were backcrossed as BC1F1 (
MYOBC1F1) families with B73 and analyzed for 
silencing efficiency by quantitative PCR (qPCR).  Anthers were dissected from immature tassels 
for RNA extraction.  All transgenic events exhibited significantly (P=0.05) decreased expression 
of MYO, and all were significantly different when compared to Viking, except for MYO18-4 
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(P=0.16) (Table 1).  Although only one transgenic family from MYO16 was included in this 
study, this construct was most efficient in silencing MYO.  MYO16-1 showed values of -2.35 and 
5.09 for calibrated expression levels (ΔΔCT) and relative expression levels (fold change), 
respectively.  The average values for MYO18 events were -1.81 and 3.63 for calibrated 
expression levels (ΔΔCT) and relative expression levels (fold change), respectively (Figure 1).  
MYO18-4 was removed from the remaining analyses because it was the only transgenic event 
that does not successfully silence MYO.  
Haploid induction rate 
Consistent with expectations (Prigge et al., 2012; Liu et al., 2015; Hu et al., 2016), qhir1 
was required to increase HIR, as HIRs of none of the MYOBC1F1 families were significantly 
different from the spontaneous HIR of 0.1% (P-values ranged 0.07 to 0.35; Table 2).  Comparing 
pooled data from MYOBC1F1 families to spontaneous rates also did not result in significant 
differences (P=0.1936).  Pooled HIR data from qhir1BC2F1 and 
MYO,qhir1BC2F1 were both 
significantly higher than spontaneous rates with P-values of 0.007 and <0.0001, respectively.  
Both controls, qhir8B73 and qhir1,qhir8B73, also had significantly higher HIR than spontaneous rates 
with P-values of 0.005 and 0.002, respectively.  Although significantly different compared to 
spontaneous rates, qhir8B73 HIR rates were still very low.  qhir8B73, having an HIR of 0.29% 
(±0.10%), produced lower HIR than qhir1,qhir8B73, at 1.25% (±0.22%), and was most comparable 
to MYOBC1F1 events, which averaged 0.23% for those that were successfully silencing MYO.  
When comparing MYOBC1F1 events to 
qhir8B73, there were no significant differences with any of 
the transgenic families with P-values of 0.07, 0.32, 0.17, and 0.35 for MYO16-1, MYO18-1, 
MYO18-2, and MYO18-3, respectively.  Pooled data for MYOBC1F1 families, however, did not 
show significant differences with spontaneous rates (P=0.1936).  MYO,qhir1BC2F1 families scored 
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the highest HIR, averaging 1.52% for those that were successfully silencing MYO.  In 
comparison, the isogenic qhir1BC2F1 families within these events typically scored lower HIR and 
averaged 1.02%.  When contrasting HIR results from pooled data of all isogenic families, 
MYO,qhir1BC2F1 was significantly higher than 
qhir1BC2F1 (P=0.04).  On average, the addition of 
MYO transgene in a qhir1 containing background increased HIR values by 0.5% (±0.24%).  In 
addition, pooled data of MYO,qhir1BC2F1 families were not significantly different than 
qhir1,qhir8B73 
(P=0.90).  None of the families, however, displayed significant increases in HIR when 
comparing MYO,qhir1BC2F1 to 
qhir1BC2F1 when analyzed individually.  Contrast statements for 
individual families resulted in P-values of 0.45, 0.12, 0.98, and 0.14 for MYO16-1, MYO18-1, 
MYO18-2, and MYO18-3, respectively.   
Male Fertility 
Significant differences were found between events, between differing male parents, and 
for event*male parent interactions with P-values of 0.0001, <0.0001, and 0.0001, respectively 
(Table 3).  There were no significant differences found between events when B73 was the male 
parent (P=0.4412). Therefore, survival rates were averaged between events and resulted in 
47.45% (±1.16%) offspring carrying the transgene and surviving the herbicide treatment.  Chi-
square tests show that families do not vary from the expected 1:1 segregation ratio of the 
transgene, resulting in 50% survival rates when B73 is the male parent (P-values ranging from 
0.27 to 0.96).  When MYOBC1F1 was the male parent, the portion of offspring carrying the 
transgene significantly varied between events (P<0.0001) and ranged from 0% (±1.77%) to 
20.11% (±2.97%) (Table 3, Figure 3).  Interestingly, the transgenic event with the most efficient 
silencing effect (MYO16-1) also resulted in the least transgenic offspring when MYOBC1F1 was the 
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male parent at 0% (±1.77%).  With increasing silencing of MYO, there was a corresponding 
increase in HIR, but also an adverse effect of decreased male fertility (Figure 4).     
Discussion 
MYO was determined a strong candidate for the gene responsible for qhir8 because it is 
expressed specifically in anthers and was shown to be up-regulated in wild-type pollen with 
MATRILINEAL (MTL), a gene shown to substantially impact HIR and located in qhir1 (Kelliher 
et al., 2017).  Sequencing results show many polymorphic regions that would affect the protein 
product.  Since the entire gene was not sequenced, however, it is uncertain which other 
polymorphic regions exist upstream.  The frameshift mutation resulted in an early stop codon, 
however, knowing the number of deleted or inserted nucleotides upstream would further validate 
the existence of this mutation.  Despite this ambiguity, there was still a large deletion of 20 
amino acids within exons 22 and 23, which would not be affected by sequences upstream.  This 
mutation alone would likely be disruptive to the function of the protein.  RNAi transgenic events 
were generated with significant effects on silencing expression of MYO.   
Analysis on HIR resulted in induction rates of at most 1.9%, which is a very low 
induction rate considering HIR for inducers exceed 8% (Liu et al., 2016).  These results were 
expected, however, because selection with each successive backcross event was focused on the 
presence of two QTL regions (qhir1, qhir8) and not for increased HIR, which involves additional 
QTL.  Specifically, with each backcross, offspring were selected for qhir1 and/or qhir8 presence 
by molecular markers.   Similar results were seen in Gilles et al. (2017) where MTL from inducer 
PK6 genotype was introgressed over four generations into a non-inducing line, and induction 
rates fell from 3.59% for BC0S1 to 0.5% for BC3S1.  These inevitable consequences due to 
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selection on specific QTL regions is likely resulting from the absence of unknown QTL regions 
not selected on (Prigge et al., 2012).  In addition, the QTL regions, qhir1 and qhir8, as well as 
the transgene MYO are all present in the heterozygous or hemizygous state, which was necessary 
to ensure similar segregation comparisons between groups.  Inducing pollen is, therefore, diluted 
by half because these genetic components act on haploid male gametes.  If two unlinked genetic 
components are involved, then pollen containing both is diluted even further to a quarter.    All 
testcross comparisons are, however, similarly segregating for each component. For the 
comparison of most interest, MYO,qhir1BC2F1 vs. 
qhir1BC2F1, both produce half inducing pollen due 
to the presence of qhir1 in the heterozygous state.  In MYO,qhir1BC2F1, however, another half will 
contain MYO and because MYO and qhir1 are unlinked genetic components, they will not be 
present in the same half.  This means a quarter will contain MYO only (theoretically having no 
effect), another quarter will contain qhir1 only (contributing partially to the HIR), and finally 
another quarter will have both MYO and qhir1 (MYO enhancing haploid induction of qhir1).  
Results from HIR analysis show that there are two lines of evidence suggesting that MYO 
is responsible for qhir8: (1) MYOBC1F1 is not significantly different than 
qhir8B73 while similarly 
MYO,qhir1BC2F1 is not significantly different than 
qhir1,qhir8B73, and (2) MYO,qhir1BC2F1 had 
significantly higher HIR than qhir1BC2F1.  Although 
MYOBC1F1 families had no significant 
differences in HIR when compared to spontaneous rates, it is well known that qhir1 is considered 
a required element of an inducer.  Therefore, these results do not eliminate the possibility that 
MYO is involved in HIR.  Because qhir8 acts to enhance HIR with the presence of qhir1, the 
responses from MYO,qhir1BC2F1 compared to 
qhir1BC2F1 were of most interest.  Although none of 
the transgenic families showed significant increases from comparing MYO,qhir1BC2F1 to 
qhir1BC2F1 
when analyzed individually, pooled data resulted in significant differences.  In addition, these 
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families, including MYO16-1, MYO18-1, MYO18-2, and MYO18-3 exhibited similar or enhanced 
HIR with the addition of the RNAi construct in the qhir1 genetic background.  This is suggestive 
that mutations of this gene in the inducer genotype are responsible for the enhancement of HIR 
by qhir8 in the presence of qhir1.    
Male fertility was also affected by the silencing of MYO, as seen by the differing 
percentages of transgenic offspring resulting from reciprocal crosses between transgenic MYOF1 
and B73.  All families exhibited a substantial and significant decrease of male fertility when 
MYOF1 was the male parent.  The most affected family was MYO16-1, resulting in 0% transfer of 
the transgene when MYOF1 was the male parent, which compliments the finding that MYO16-1 
was also the most effective in silencing MYO.  When B73 is the male parent, the transgene was 
consistently transferred to approximately half of the offspring.  Although evaluation of the 
testing method provided evidence that the method was accurate, the average percentage of 
transgene presence was 47.5% (±1.2%), which should be 50%, when B73 is the male parent.  
This implies that the test may have been scored conservatively, as with any test, there is always a 
margin of error when the results are subject to human interpretation (i.e. grading the degree of 
yellowing after spraying).  A more accurate testing method would have been an enzyme-linked 
immunosorbent assay (ELISA), where a microplate photometer provided values for analysis.   
The human-induced bias that may have originated from this testing method may explain the 
results for MYO16-1, which seems to have complete male sterility in the presence of the 
transgene, yet still can enhance HIR.  One possible explanation for these results is that the male 
sterility testing method was slightly biased due to human-error, and it is therefore assumed that 
there is still some, although likely very minimal, fertility retained within MYO16-1.  Another 
explanation would be that any induced haploids would also be susceptible to the herbicide.  
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Considering the expected functions in pollen tube growth of the gene MYO, it is not surprising to 
see some impairment of fertility.  It is conceivable that the gene is not completely knocked out in 
the inducer genome, however.  A complete knockout would likely arrest pollen tube growth, and 
therefore would result in a sterile plant.  It would be very unlikely that any seed would be 
produced when pollen tube growth is arrested.  To produce viable seed, including haploids, the 
pollen tube must reach the ovary to at least fertilize the central nucleate cell to create the 
endosperm.  In that case, it seems plausible that the mutations of MYO within inducer genotype 
is causing only impaired function of the protein.  Questions still remain, however, as to how 
much these mutations impede the function of this gene within the inducer genome, and how 
these changes in function affect HIR.   
Conclusion 
MYO, a gene located within qhir8, was silenced with two RNAi constructs and was 
successfully silenced in four out of five transgenic events.  For these families successfully 
silencing MYO, analysis of HIR revealed that the silencing of MYO significantly increased or 
enhanced HIR in the qhir1-containing genetic background.  Reciprocal crosses also revealed that 
the silencing of MYO significantly impacts male fertility.  Overall, these results suggest that 
mutations of this gene in the inducer genotype are likely responsible for the enhancement of HIR 
in the presence of qhir1.  Additionally, results suggest that MYO is an essential element in male 
fertility, and it is unknown how this deleterious effect may contribute to HIR.    
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Methods 
Identification of gene of interest 
GRMZM2G435294 or Myosin-11 (MYO) is a strong candidate gene for qhir8 because it 
is specifically expressed in anthers (Sekhon et al., 2011; Stelpflug et al., 2015), co-expressed 
with MTL (Kelliher et al., 2017), and is located within the fine mapped region of qhir8 (Liu et 
al., 2015).  MYO was amplified from the haploid inducer genotype RWS/RWK-76 (Röber et al., 
2005), and cloned into the pGEM-T vector system (Promega, Fitchburg, WI) for sequencing and 
alignment with the B73 reference genome.  A 1059 bp region downstream of the start of exon 19 
was sequenced and aligned to B73 RefGen_v3 (Schnable et al., 2009) and analyzed for 
polymorphic regions. 
Production of Transgenic Materials 
Silencing of MYO was accomplished by delivering transgenic RNA interference (RNAi) 
constructs.  The target sequences were designed using pssRNAit software (Dai and Zhao, 2008). 
The best siRNA options were chosen based on the most efficient silencing effect, the fewest off-
target hits, as well as their location within the gene.  Two target regions were chosen within exon 
16 (126 bp) and exon 18 (96 bp), and designated as MYO16 and MYO18, respectively 
(Supplementary Table 1).  Both constructs were expected to accomplish the same goal of 
silencing MYO and are, therefore, considered equivalent, if qPCR results show similar silencing 
levels.    
Corresponding RNAi vectors were constructed for creating transgenic events.  Primers 
containing appropriate flanking restriction sites (Supplementary Table 1) were used to amplify a 
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fragment of MYO to be inserted in sense (SpeI and SmaI) and anti-sense orientations (BstZ17I 
and AvrII) within the pMCG1005 RNAi vector.  This vector contains the alcohol dehydrogenase-
1 (AdhI) intronic region upstream of the RNA hairpin-producing sequence, which contains the 
anti-sense-oriented target, rice Waxy-a intron, and the sense-oriented target.   This RNAi cassette 
is driven by the plant ubiquitin promotor (ubi).  After these vectors were transformed into maize 
genotype HiII by the Plant Transformation Facility at ISU using the protocol described by Frame 
et al. (2011), transgenic plants were identified based on glufosinate resistance.  A total of twelve 
transgenic events were produced for each construct, but only five transgenic events (one for 
MYO16 and four for MYO18) are included in this study.  These events were chosen for no other 
reason than early availability.  At the T0 stage, all events were crossed and then backcrossed to 
B73 (MSG 14786; Russel, 1972) (MYOF1 and 
MYOBC1F1, respectively).  Transgenic F1 offspring 
were selected by QualiPlate ELISA kit for the detection of PAT/bar (EnviroLogix, Portland, 
ME), resulting in transgenic BC1 families segregating for hemizygous presence of the RNAi 
construct within B73 genetic background.   
Haploid induction rate analyses  
To analyze HIR, testcrosses were made between control inducers or potential inducers 
(male) and inbred line lg1 (female) (205B, MGS 14013) in the summer of 2017 in Ames, IA.  
The line lg1 contains B73 background and is recessive for ligule presence.  Therefore, any 
haploids created by testcrosses can be identified by lack of ligules.   
Because qhir1 is required for haploid induction (Prigge et al., 2012; Liu et al., 2015; Hu 
et al., 2016) and MYO is evaluated as a candidate for qhir8, it was necessary to evaluate the 
effect of the transgene in the presence of qhir1.  qhir1-containing materials were created by 
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crossing RWS/RWK-76 (Röber, 2005) with B73 and then backcrossing with B73 until reaching 
the BC2 generation.  Simple sequence repeat (SSR) markers were designed to flank qhir1 
(1.04_682414 and GSS_44), and public markers that flank qhir8 (umc1040 and bnlg1272) were 
used to select both QTL regions (Supplementary Table 2). In each backcross generation, 
individuals were selected for presence of qhir1 and absence of qhir8 (qhir1B73) by marker 
analyses.  Additional control lines were developed by selection for presence of qhir8 and 
absence of qhir1 (qhir8B73) or presence of both QTL, qhir1 and qhir8 (qhir1,qhir8B73).   Finally, 
BC2F2–derived lines were created to fix qhir1 and/or qhir8, respectively (Figure 5b).   
Each of the five transgenic BC1 families were crossed with 
qhir1B73.  BC1 materials were 
screened and selected for the presence of the transgene before crossing with qhir1B73.  Finally, 
the resulting BC2 materials were screened and classified into those containing (
MYO,qhir1 BC2F1) or 
not containing (qhir1BC2F1) the MYO construct.  Therefore, MYO and qhir1 are heterozygous in 
these lines.  Both BC1 and BC2 offspring were screened for transgene presence with QualiPlate 
ELISA kit for the detection of PAT/bar (EnviroLogix, Portland, ME) (Fig. 4a).  Controls 
included qhir8B73 (BC2F1), 
qhir1,qhir8B73 (BC2F1), and the 
MYOBC1F1 families.Prior to transplanting 
MYOBC1F1 families, the presence of the transgene was identified by spraying 0.5% glufosinate 
(190L/ha).   
It is assumed that among the testcrosses involving the five experimental groups (Figure 
5c), those containing both qhir1 and qhri8 will result in the highest HIRs, followed by those with 
qhir1 only, and then finally those with qhir8 only.  If MYO is responsible for qhir8, then those 
groups containing qhir1 and the transgene are expected to produce high HIR levels comparable 
to those containing both qhir1 and qhir8.  If MYO is not responsible for qhir8, then this group is 
expected to produce comparable HIR as those with only qhir1.  It is also assumed that those 
94 
 
 
 
containing only qhir8 will result in HIRs similar to the rate of spontaneous haploid occurrence.  
It should be noted that the QTL regions, qhir1 and qhir8, as well as the transgene MYO are all in 
the heterozygous state. This dilutes the pollen triggering haploid induction.  Those with a single 
additional genetic component will produce half inducing pollen because only half of the haploid 
cells will contain the genetic component.  Therefore, those with two unlinked genetic 
components will produce only a quarter that containing both genetic components. Pollen 
genotype rates may in addition be affected by gamete selection.  
This experiment was arranged in an incomplete block design including controls qhir8B73 
and qhir1,qhir8B73, which were repeated in 3 biological replicates within each of 3 blocks to 
account for environmental variation between blocks.  Transgenic families were included in 2-4 
biological replicates within each block.  Each replicate contained 10 plants of the same genotype, 
and when ≥ five plants were pollen shedding, pollen was bulked and used to randomly pollinate 
3-6 lg1 plants.  The female crossing parent, lg1, was planted in a large area beside the crossing 
block.  Subsequently, an average of 375 offspring (dependent on germination rates) were grown 
out for each biological replicate of each genotype in the greenhouse for analysis of ligule 
presence at the 2-3 leaf stage. 
Haploid induction rates were analyzed by proc LOGISTICS and means were computed 
with proc GLIMMIX in SAS 9.4.  Results were also compared to the reference value for the 
spontaneous HIR rate of 0.1% or 1 haploid in every 1000 seedlings (Chase, 1949; Chase, 1952).   
To account for potential contamination or accidental self-pollinations of lg1 donor plants, 
all pollination sources that were three times the standard deviation for any cross combination 
were considered outliers and removed (Pukelsheim, 2012).  Data from one pollination for the 
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genotype MYO16-1 (qhir1BC2F1) was removed from the data set because this sample had a HIR of 
0.06%, while three times the standard deviation was 0.05%.   
Male fertility analysis  
Reciprocal crosses were made between four hemizygous F1 plants (
MYOF1) of each 
transgenic event and randomly selected B73 plants in the summer of 2016.  Offspring from these 
reciprocal crosses were grown out in trays of 126 seeds per cross (4 crosses x 126 seeds = 504 
seedlings analyzed in total for each event).  Seedlings were sprayed with 0.5% glufosinate 
(190L/ha) at the 2-3 leaf stage, and after 3-4 days the effects were visible enough to count 
survival rates.  Data were then analyzed by proc MIXED in SAS 9.4.  Accuracy of the test was 
evaluated by a chi-square test with expected segregation ratio of 1:1 when B73 was the male 
parent.  This was done using proc LOGISTICS in SAS 9.4.  
Silencing efficiency by quantitative PCR 
Expression analysis by qPCR was done using the ΔΔCT method (Livak and Schmittgen, 
2001).  For this method, the expression of transgenic events were compared to both a calibrator 
(wild type, i.e., Viking brand 60-01 by Albert Lea Seed) and a normalizer (housekeeping gene, 
i.e., MEP, Membrane protein PB1A10.07c) with the following equations:  
ΔCT = CT,MYO – CT,MEP 
ΔΔCT = ΔCT,trans – ΔCT,Viking 
relative expression = 2-ΔΔCT 
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where CT represents the designated sample’s cycle threshold, or the number of cycles required 
for the fluorescent signal to exceed the threshold level.  Normalized expression is the expression 
after considering the house-keeping gene expression levels and is represented as ΔCT.  Calibrated 
expression is the expression after considering expression levels for both the house-keeping gene 
and the reference genotype and is represented as ΔΔCT.  Relative expression is the fold change in 
MYO expression between the genotype of interest and the reference genotype.  Five transgenic 
(MYOBC1F1) families, segregating for the transgene, were grown in the greenhouse until the 2-3 
leaf stage, sprayed with 0.5% glufosinate (190 L/ha) and surviving seedlings were transplanted 
to the field along with the Viking genotype.  At approximately V10 stage, anthers were harvested 
for qPCR analysis.  Three plants of appropriate size were harvested from Viking and from each 
transgenic family.  Plant stalks were severed between nodes just above the ear shoots and stored 
in buckets of water, while being transported to the laboratory for anther dissection (Ma et al., 
2007).  Since the upper anthers mature more quickly than the lower anthers, dissection was done 
to harvest only the upper anthers for RNA extraction and qPCR analysis.  Approximately 50-100 
mg of dissected anthers, which ranged from 4-5 mm (binucleate microspore stage), were placed 
in a microfuge tube resting in liquid nitrogen.  Samples were stored in -80ºC prior to grinding in 
liquid nitrogen for subsequent RNA extraction.  RNA was purified using the RNeasy Plant Mini 
Kit (Qiagen, Germantown, MD) with on-column DNase digestion by following manufacturer’s 
instructions.  RNA concentrations were measured by a NanoDrop 2000c Spectrophotometer 
prior to Reverse transcription-PCR (RT-PCR) reactions.  RT-PCR was performed with 
SuperScriptTM III First-Strand Synthesis System (Invitrogen by life technologies, Carlsbad, CA) 
using oligo(dT)20 primers.  From the final 20 µl reaction containing cDNA, 1 µl was used for 
further qPCR reactions (for a target cDNA concentration of 10 ng).  Reactions for qPCR were 
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performed using Power SYBRTM Green PCR master mix (Applied Biosystems by life 
technologies, Foster City, CA) and gene specific primers (Supplementary Table 1) on a 
Mx3000P qPCR system.  The primer pair chosen for MYO bridged an intronic region (81 bp) 
between exon 6 and 7 to further ensure the lack of DNA contamination during qPCR analysis.  
The primer pair utilized for MEP, the reference gene of choice, was published by Manoli et al. 
(2012).  Gene specific primers were optimized by conducting qPCR on a serial dilution (1 ng, 10 
ng, 100 ng) with primer pairs for MYO and MEP.  Primer optimization was done by analyzing 
the linear trend of the difference between the expression of the MYO and MEP (ΔCT) as well as 
the analysis of standard curves for each individual primer pair.  R2 values close to 1 indicate high 
amplification efficiency. The ΔCT curve produced an R2 value of 0.95, whereas both individual 
primer pairs for MYO and MEP scored R2 values of 0.99.  A three-step PCR program of 95ºC (15 
sec), 55ºC (30 sec), and 68ºC (30 sec) for 40 cycles was used for both primer pairs with a 25 ul 
reaction size.  There were three biological and three technical replicates for each genotype by 
primer pair combination. Statistical comparisons were done in R using the ‘pcr’ package.   
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Tables and figures 
 
Table 1: qPCR results for different transgenic lines.  Expression is normalized by house-keeping 
gene MEP and calibrated with Viking genotype.   
Genotype P-values 
Normalized 
expression 
(ΔCT) 
Calibrated 
expression 
(ΔΔCT) 
Relative 
Expression 
(Fold change) 
MYO16-1 0.04* 1.17 -2.35 5.09 
MYO18-1 0.05* 1.80 -1.72 3.30 
MYO18-2 0.03* 1.38 -2.14 4.40 
MYO18-3 0.03* 1.34 -2.18 4.52 
MYO18-4 0.16  2.33 -1.19 2.29 
Viking ------- 3.52 0.00 1.00 
 
 
Table 2:  Mean values and standard errors for HIR are reported along with the P-values, which 
indicate significance when compared to spontaneous HIR of 0.1% (* at the 0.05 level and ** at 
the 0.01 level).     
 
 
                   Controls  
Spon 
qhir1 
B73 
qhir1,qhir8 
B73 
P-values 
 
0.0051** 0.0016** 
HIR (%) 0.1000 0.2875 1.253 
± 
 
0.1014 0.2169 
 MYO16-1   MYO18-1   
 
MYO 
BC1F1 
qhir1 
BC2F1 
MYO,qhir1 
BC2F1 
MYO 
BC1F1 
qhir1 
BC2F1 
MYO,qhir1 
BC2F1  
P-values 0.0666 0.3897 0.0376* 0.3239 0.4586 0.001** 
HIR (%) 0.1096 0.9592 1.319 0.312 0.9465 1.901 
± 0.1229 0.4198 0.4246 0.2538 0.4755 0.5903  
MYO18-2   MYO18-3    
MYO 
BC1F1 
qhir1  
BC2F1 
MYO,qhir1  
BC2F1  
MYO 
BC1F1 
qhir1 
BC2F1 
MYO,qhir1  
BC2F1  
P-values 0.1748 0.0124* 0.0051** 0.3457 0.4974 0.1953 
HIR (%) 0.1625 1.75 1.767 0.321 0.4333 1.107 
± 0.183 0.6983 0.6144 0.2611 0.2926 0.4102 
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Table 3:  Average offspring survival rate after herbicidal treatment, along with standard errors.  
P-values are also provided for transgenic evets, female parent, and their interaction.    
Male parent Survival Rate (%) ± Effect P-values 
B73 47.45 1.16 Event 0.0001 
MYO16-1 0 1.77 Female <.0001 
MYO18-1 12.42 1.77 Event*Female 0.0001 
MYO18-2 20.11 2.97   
MYO18-3 8.48 1.77   
 
 
 
Figure 1:  Transgenic mRNA expression normalized to the expression of the house-keeping gene 
MEP and calibrated to the expression of these genes within the wild type (Viking).  Error bars 
represent standard errors.  Stars represent significance at the 0.05 level.  
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Figure 2:  HIR results.  Stars within the plot designate significance when compared to the 
spontaneous HIR of 0.1% (* at the 0.05 level and ** at the 0.01 level).   Error bars represent 
standard errors.  
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Figure 3:  Survival rate of offspring when either MYOF1 (Trans) or B73 were the male parent.  All 
transgenic events were hemizygous for the transgene, therefore the expected carry over would be 
50%.  Error bars represent standard errors. 
 
 
Figure 4: Correlations between relative expression (fold change) of MYO transgenic events and 
a) survival rates after spraying a herbicidal treatment for transgene selection (data for B73 x 
MYOF1 crosses), or b) haploid induction rates (% haploids found for 
MYO,qhir1BC2F1).   
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Figure 5: Schematic development of transgenic families and control groups (a).  Bolded families 
are those developed for the test-cross with lg1 (Season 7).   A summary of details regarding each 
group tested in HIR is also provided (b).  Expected results are specified if MYO is not 
responsible for qhir8 (MYO no effect) or if MYO is responsible for qhir8 (MYO effect).  
Expected outcomes are numbered, with “1” noted for the highest HIR levels and “3” for the 
lowest HIR levels.  Equal numbers imply that HIR values are comparable between the two 
experimental groups.  
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Supplementary Table 1:  Sequence information for RNAi targets and primers 
 
Name Sequence 
Product 
Size (nt) Purpose 
MEP_F  TGTACTCGGCAATGCTCTTG 203 qPCR 
primer 
MEP_R TTTGATGCTCCAGGCTTACC 
 
  
MYO_F TGACCCAGAGCGCAATTAC 145 qPCR 
primer 
MYO_R ATCACTTACACCGACCAACTC 
 
  
MYO18_F TTTCCTAGGACTAGTGTGTGCTTGAGGCCATC
AG 
96 RNAi 
primer 
MYO18_R TTTGTATACCCCGGGCCTCAGGCGCAAGTATT
CC 
 
  
MYO16_F TTTCCTAGGACTAGTCAAAGACTACGTTGTGG
CGG 
126 RNAi 
primer 
MYO16_R TTTGTATACCCCGGGGCTCCAATGGAAGAGAA
CTTGG 
  
    
MYO18 
Target 
GTGTGCTTGAGGCCATCAGGATCAGTTGTGCC
GGGTACCCGACGCGTCGCACATTCTACGAGTT
TCTGCATCGTTTCGGAATACTTGCGCCTGAGG 
  
    
MYO16  
Target 
CAAAGACTACGTTGTGGCGGAGCACCAGGAA
CTGCTGAGCGCTTCTAAATGCTCGTTTATCTCC
GGATTGTTTCCGCCTCCGCCAGAGGAGACGTC
CAAATCGTCCAAGTTCTCTTCCATTGGAGC 
  
    
     
     
 
  
 
 
Supplementary Table 2:  Primers used for SSR marker analysis and the presence or absence of QTL regions.  Relevant information 
provided here is based on B73 RefGen_v4 (Jiao et al., 2017).  
 
Marker 
Name QTL Bin 
Product 
Length 
(bp) 
Anneal 
Temp 
(ºC) Sequence 
Starting 
Coordinates 
Relevant             
Gene  
1.04_682414 qhir1 1.04 150-200 57 
Fwd: TTGTTCTTGCATCCATCCAG                
Rev: CATGCACTTGCCGTTGTACT   69429443 
within 
GRMZM2G471240 
GSS_44 qhir1 1.04 150-200 57 
Fwd: AATGTGGCATGTACGAGGTG                         
Rev: AGGGGTTAGGCGGATCAAT 69445286 
downstream 
GRMZM2G471240 
umc1040 qhir8 9.01 100-200 57 
Fwd: CATTCACTCTCTTGCCAACTTGA            
Rev:AGTAAGAGTGGGATATTCTGGGAGTT 4446555 
overlapping 
GRMZM2G124276  
bnlg1272 qhir8 9.01 250 57 
Fwd: ACCGAAGATGAGGTGTGACA                  
Rev: TCAGTGCAAGGGCAATTTAG   85302 
downstream 
GRMZM2G310569  
 
 
 
 
1
0
6
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Supplementary Figure 1:  Protein alignment of B73 RefGen_v3 (Schnable et al., 2009) with 
RWS.  Sequenced region is highlighted in grey, and remaining gaps were assumed to match 
reference sequence. Highlighted sequences indicate polymorphisms.  
B73      MGTKVNIIVGSHVWAEDPDTCWVDGEVVKINGEEAEIQATNGKKIVANLSKLYPKDMEAA 60 
RWS      MGTKVNIIVGSHVWAEDPDTCWVDGEVVKINGEEAEIQATNGKKIVANLSKLYPKDMEAA 60 
         ************************************************************ 
 
B73      AGGVDDMTKLSYLHEPGVLQNLAIRYELNEIYTYTGNILIAVNPFQRLPHLYDPHMMHQY 120 
RWS      AGGVDDMTKLSYLHEPGVLQNLAIRYELNEIYTYTGNILIAVNPFQRLPHLYDPHMMHQY 120 
         ************************************************************ 
 
B73      KGAPFGELSPHVFAVADVAYRAMVNENKSNAILVSGESGAGKTETTKMLMRYLAYLGGRA 180 
RWS      KGAPFGELSPHVFAVADVAYRAMVNENKSNAILVSGESGAGKTETTKMLMRYLAYLGGRA 180 
         ************************************************************ 
 
B73      ATEGRTVEQQVLESNPVLEAFGNAKTVRNNNSSRFGKFVEIQFDKHGRISGAAIRTYLLE 240 
RWS      ATEGRTVEQQVLESNPVLEAFGNAKTVRNNNSSRFGKFVEIQFDKHGRISGAAIRTYLLE 240 
         ************************************************************ 
 
B73      RSRVCQVSDPERNYHCFYLLCAAPQEDVDKYKLGNPKTFHYLNQSNCYELVGVSDAHEYL 300 
RWS      RSRVCQVSDPERNYHCFYLLCAAPQEDVDKYKLGNPKTFHYLNQSNCYELVGVSDAHEYL 300 
         ************************************************************ 
 
B73      ATRRAMDIVGISTQEQDAIFRVVAAILHIGNIEFSKGKEADSSVLKDEKSKFHLETTAEL 360 
RWS      ATRRAMDIVGISTQEQDAIFRVVAAILHIGNIEFSKGKEADSSVLKDEKSKFHLETTAEL 360 
         ************************************************************ 
 
B73      LMCNPGALEDALCKRVMVTPEEVIKRSLDPYNATISRDGLAKTIYSRLFDWLVDKINSSI 420 
RWS      LMCNPGALEDALCKRVMVTPEEVIKRSLDPYNATISRDGLAKTIYSRLFDWLVDKINSSI 420 
         ************************************************************ 
 
B73      GQDASSKCLIGVLDIYGFESFKANSFEQFCINYTNEKLQQHFNQHVFKMEQEEYTKEQID 480 
RWS      GQDASSKCLIGVLDIYGFESFKANSFEQFCINYTNEKLQQHFNQHVFKMEQEEYTKEQID 480 
         ************************************************************ 
 
B73      WSYIEFVDNQDVLDLIEKKPGGVIALLDEACMFPKSTHETFAQKLYQTFQKHKRFVKPKL 540 
RWS      WSYIEFVDNQDVLDLIEKKPGGVIALLDEACMFPKSTHETFAQKLYQTFQKHKRFVKPKL 540 
         ************************************************************ 
 
B73      SRTDFTICHYAGEVLYQSDQFLDKNKDYVVAEHQELLSASKCSFISGLFPPPPEETSKSS 600 
RWS      SRTDFTICHYAGEVLYQSDQFLDKNKDYVVAEHQELLSASKCSFISGLFPPPPEETSKSS 600 
         ************************************************************ 
 
B73      KFSSIGARFKQQLQALMDTLNSTEPHYIRCVKPNNVLKPAIFENVNVMQQLRCGGVLEAI 660 
RWS      KFSSIGARFKQQLQALMDTLNSTEPHYIRCVKPNNVLKPAIFENVNVMQQLRCGGVLEAI 660 
         ************************************************************ 
 
B73      RISCAGYPTRRTFYEFLHRFGILAPEALEGNSDEKAACKRILEKKGLLGFQIGKTKVFLR 720 
RWS      RISCAGYPTRRTFYEFLHRFGILAPEALEGNSDEKAACKRILEKKGLLGFQIGKTKVFLR 720 
         ************************************************************ 
 
B73      AGQMAELDARRTEVLSAAAKTIQGKMRTHIMRKKFLSLRKASVCVQAIWRG-RLACKLYD 779 
RWS      AGQMAELDARRTEVLSAAAKTIQGKMRTHIMRKKFLSLRKASVCVQAIWRGGRLACKLYD 780 
         *************************************************** ******** 
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Supplementary Figure 1 Continued  
 
B73      NMRREAAAIKVQKNQRRHQARRSYKLRYASVLVVQTALRAMAARNEFRFKKQSTGAVTIQ 839 
RWS      NMRREAAAIKVQKNQRRHQARRSYKLRYASVLVVQTALRAMAARNEFRFKKQSTGAVTIQ 840 
         ************************************************************ 
 
B73      ARYRCYRAHKYHKKLKCAAIVAQCRWRGRIARKELKKLKMEARETGALKEAKDKLEKKVE 899 
RWS      ARYRCYRAHKYHKKLKCAAIVAQCRWRGRIERRTNSKRKGR------------------- 881 
         ****************************** *:  .* * .                    
 
B73      ELTWRVQLEKRLRTDLEEAK---AQEVSKLQNSMEALQAKLDETNTKLAKEREAAKTIEE 956 
RWS      -TPWRAVR-KRLRDRPGRSKSSRGVETAELYGSITG------------------------ 915 
            **.   ****    .:*   . *.::* .*: .                         
 
B73      APPVVQETQVLVQDTEKIDSLTAEVQDLKTSLQSEKERAGDLEKKHSEEQQANEEKQKKL 1016 
RWS      ------------------------------------------------------------ 915 
                                                                      
 
B73      DETEIKMRQFQDYLRRLEEKLANVESENKVLRQQAVSMAPSKILSGRSKSNLQRNSENVQ 1076 
RWS      ------------------------------------------------------------ 915 
                                                                      
 
B73      VSSNDPKTAPESNSTSSPKKEYDIDDKPQKSLNEKQQENQDLLIRCIAQHLGYAGNRPVA 1136 
RWS      ------------------------------------------------------------ 915 
                                                                      
 
B73      ACIIYKCLLHWRSFEVERTSVFDRIIQTIGHAIETQDNNEVLAYWLSNASTLLLLLQRTL 1196 
RWS      ------------------------------------------------------------ 915 
                                                                      
 
B73      KASGSTGMAPQRRRSSSATLFGRMTQSFRGAPQGVNLSLINGSMVTGVETLRQVEAKYPA 1256 
RWS      ------------------------------------------------------------ 915 
                                                                      
 
B73      LLFKQQLTAYVEKIYGMIRDNLKKEISPLLGLCIQAPRTSRASLMKGSSRSNTNTAAQQA 1316 
RWS      ------------------------------------------------------------ 915 
                                                                      
 
B73      LIAHWQGIVKSLGNFLNILKVNNVPPFLVRKVFTQIFSFINVQLFNSLLLRRECCSFSNG 1376 
RWS      ------------------------------------------------------------ 915 
                                                                      
 
B73      EYVKAGLAELEHWCYRATDEYAGSAWDELKHIRQAIGFLVIHQKPKKTLDEISHDLCPVL 1436 
RWS      ------------------------------------------------------------ 915 
                                                                      
 
B73      SIQQLYRISTMYWDDKYGTHSVSPEVISNMRVLMTEDSNNPISNSFLLDDDSSIPFSVDD 1496 
RWS      ------------------------------------------------------------ 915 
                                                                      
 
B73      ISKSMQQIDISDIEPPPLIRENSGFVFLLPPPE 1529 
RWS      --------------------------------- 915 
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CHAPTER SIX 
GENERAL CONCLUSIONS AND FUTURE PROSPECTS 
One general goal of this thesis was to outline standard procedures of doubled haploid 
(DH) technology in maize (Chapter 2).  The protocol outlined in this chapter provides detailed 
step-by-step information.  The importance of this protocol arises since DH technology is a 
valuable tool for commercial producers and academic researchers because it can create a 
completely homozygous line within just two generations.  Due to the importance of DH 
technology to maize breeders, other goals of this thesis were to improve on maize DH programs 
by discovering methods for selection of haploid embryos (Chapter 3) and finding optimal 
colchicine concentrations for exposure to this chemical-doubling agent during embryo culture 
(Chapter 4).  It was expected that haploids, which are less vigorous than diploid counterparts, 
could be selected based on root lengths.  This was tested by conducting embryo culture on 
haploids and diploids amongst two genotypes and observing differences in primary root lengths 
(PRL).  The doubling rates among three different colchicine rates were observed by conducting 
embryo culture on haploids from two different genotypes.  These studies provided insight into 
the potential of incorporating embryo culture into a maize DH program, which would both 
decrease generation time and increase genome doubling rates.  The final goal of this thesis was 
to aid in the expansion of DH technology to orphan crops by identifying genes involved with 
haploid induction (Chapter 5).  Maize breeders are fortunate to have discovered an in vivo 
maternal haploid inducer genotype.  Many crops, however, do not have a reliable way of 
producing haploids making it important to study the genetic and molecular mechanisms of the 
maize inducer.  This goal was achieved by producing transgenic maize families that silence a 
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candidate gene, which was thought to be involved with haploid induction, by RNA interference 
(RNAi) and observing haploid induction rates (HIR).   
Studies to improve maize DH programs have provided insight on how to incorporate 
embryo culture.  The largest hurdle of incorporating embryo culture was devising a method of 
selecting haploids, which at the embryo stage look identical to diploids.  These studies found that 
selection was most efficient when done on day 3 after germination by utilizing PRL and growth 
rates in a support vector machine learning analysis.  Surprisingly, the selection method was more 
accurate than traditional methods, such as R1-nj or oil content.  Additional testing after exposure 
to colchicine should be done, however, to confirm the validity of this selection method.  It is well 
documented that colchicine, which is a mitotic inhibitor, causes stunting effects that may affect 
the root lengths.  A broad range of genotypes also needs to be observed to confirm that this 
selection method is independent of genotype, as only two genotypes were tested here.  The 
observations of different colchicine concentrations have provided preliminary results that show 
doubling rates are significantly increased while using embryo culture.  Due to the high mortality 
rate and a poor haploid selection method (red-root selection, Pl1), however, sample numbers 
were too low for fair comparisons in this study.  Preliminary results show doubling rates among 
different colchicine concentrations did not vary, but there was a significant increase in doubling 
rates when comparing whether colchicine was used or not.  Although no optimal concentration 
was found, these results show that the use of colchicine with embryo culture has the potential to 
increase doubling rates beyond traditional methods.  Further studies need to be done with higher 
sample numbers and with a lower range of colchicine concentrations to find the optimal 
concentration.  The results also show significant differences in spontaneous haloid genome 
doubling rates between genotypes, implying different genotypes respond differently to colchicine 
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exposure.  There needs to be further research on a broad range of genotypes to confirm this.  To 
ensure there will be enough haploids for future studies, it would be beneficial to first confirm the 
selection of haploids is possible by PRL with the exposure to colchicine.   
The final study which tested candidate genes for haploid induction in maize was achieved 
by silencing a gene thought to be responsible for qhir8, a minor QTL that acts to enhance HIR in 
the presence of a major QTL, qhir1.  Four out of five transgenic events that were successfully 
silencing the gene, MYO, were the subject of this study.  These events show that there is a strong 
implication that HIR is influenced by the silencing of MYO, in addition to triggering alterations 
to male fertility rates.   Future studies should attempt to discover the molecular mechanisms that 
explain how MYO affects HIR and fertility.  The first step in finding these answers would be to 
fully sequence the gene within the inducer genotype and observe all mutations.  This will help to 
determine if the mutations cause a knockout, or an ill-functioning protein product.  Artificially 
germinating pollen grains of inducer genotypes, non-inducer genotypes, a knockout line, and a 
knockdown line would be important to observe as well.  This may shed some light on the 
convoluted relationship between HIR and male fertility.  
Overall, the findings from the research of this thesis will help to improve maize DH 
programs by providing insight into the potential incorporation of embryo culture.  The studies 
here confirm that selection by PRL is possible, and efficient enough to use in commercial 
production.  In addition, embryo culture is beneficial because it will decrease generation time 
and these studies confirm that doubling rates are significantly increased.  These studies also will 
aid in the expansion of DH programs to other crops.  If there is more understanding in the 
molecular process of the inducers of maize, there is more potential to create successful 
transgenic inducers in orphan crops. These studies helped to identify a gene responsible for a 
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QTL in maize for HIR, which is an important step towards creating transgenic inducers in other 
crops.  
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